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Abstract
This thesis presents novel domain engineering techniques in lithium
niobate (LiNbO3) crystals by using focused laser light irradiation to
path the way to sub-micron domain periods for applications in the
field of photonics and phononics.
A new technique for tailoring of ferroelectric surface domains is in-
troduced on the non-polar cuts of LiNbO3 by scanning a focused ul-
traviolet (UV) laser beam (λ = 244 nm) across the surface, using
a scheme of writing and partially erasing the previously written do-
mains. Domain periods down to 4 µm are realised, where the domain
depth profile is ‘half-crescent-shaped’. Reduction of laser induced sur-
face damage is achieved by coating the LiNbO3 crystal surface with a
Cr layer, thereby combining the direct laser writing technique with a
diffusion process to accomplish domain inversion. Bulk domain pat-
terns with a period of down to 3 µm are obtained in MgO-doped
LiNbO3 crystals by combining laser induced poling inhibition with a
sequence of electric field poling steps. The uniformity of the bulk do-
mains is confirmed by nonlinear optical conversion of laser light with a
wavelength of 1550 nm into 775 nm . Sub-micron surface domain pat-
terns are achieved by patterned Cr and visible laser light irradiation
(λ = 532 nm). This allows for the generation of 2D poling patterns
with periods down to 100 nm. Finally, direct laser written domain
patterns are used to excite surface acoustic waves to drive flow and
suspended microparticles within a fluid droplet. This demonstrates
that the platform can be exploited for practical microfluidic manipu-
lation.
Synopsis
Over the past decade there has been tremendous growth of data transmitted over
fibre optic cables, which have become the backbone of the World Wide Web. As
this continues to grow it is clear that ultrafast processing of optical signals is
needed for essential functions such as frequency conversion, regeneration, routing
and switching. Consequently, all optical switches are expected to be the key
component of future communication networks [1]. In order to implement these
signal processing functions, nonlinear optical materials are needed; of the variety
of available materials, lithium niobate (LiNbO3) is a promising candidate due
to its excellent nonlinear properties, robustness, ease of fabrication and existing
manufacturing infrastructure [2]. For nonlinear optical applications, usually the
concept of quasi-phase matching is used in LiNbO3, therefore research into domain
inversion techniques is in demand.
LiNbO3 is also a mature platform for phononic applications such as the ex-
citation or manipulation of surface acoustic waves (SAWs). An example are
SAW filters, which are used for communication applications such as ‘bluetooth’
(∼2.5 GHz) [3, 4]. Domain engineering LiNbO3 with periods in the micron and
sub-micron regime would, therefore, allow the generation and manipulation of
SAW with frequencies in the GHz regime [5, 6], which would further increase the
applications of LiNbO3 as an integration platform. This thesis presents flexible
and precise fabrication processes of domain patterns to enable the realisation of
advanced photonic and phononic devices. The thesis is structured as follows:
Chapter 1 introduces LiNbO3 as a ferroelectric crystal. The basic crystal
properties are outlined here such as the crystal structure, defects and doping.
The linear and nonlinear optical properties are reviewed next; effects such as
the photorefractive, pyroelectric, thermoelectric and piezoelectric effect, which
are relevant to this thesis, are introduced. The introductory chapter ends with
a review of the state of the art in domain engineering and domain visualisation
techniques in LiNbO3.
Chapter 2 explores a poling technique of domain tailoring by scanning a fo-
cused UV laser beam (λ = 244 nm) across the non-polar faces of a LiNbO3 crystal.
A domain is first written by scanning the focal spot along the crystallographic −z
vi
direction and afterwards partially erased by scanning the focal spot along the +z
direction. The limitations of this domain engineering approach are investigated,
such as the shortest domain period, the domain depth as well as laser induced
surface damage.
Chapter 3 explores a modification of the poling technique of Chapter 2 by
applying a chromium (Cr) coating prior to the focused UV laser light irradiation.
This technique combines the UV laser writing with a diffusion based domain inver-
sion mechanism with the aim of reducing the laser light induced surface damage.
The domain depth profile is investigated for different UV laser intensities and for
different atmospheres, namely an ambient air and a nitrogen atmosphere. The
poling technique is also transferred to different crystal cuts such as Z-cut, Y-cut
and 128°YX-cut LiNbO3. Finally, a model that describes the domain formation
is proposed.
Chapter 4 investigates the use of the surface domain engineering technique
of Chapter 3 as a template for creating bulk domains via electric field poling.
The bulk domains are achieved by applying multiple electric field poling steps.
The shortest domain period that can be generated using this domain engineering
approach is investigated, as well as the bulk domain depth profile. The uniformity
of the generated domain pattern is examined by performing nonlinear optical
second harmonic generation.
Chapter 5 examines ways in which the surface domains of Chapter 3 can be
made with as high a resolution as possible. This is achieved by using patterned
Cr and irradiating it with focused visible laser light (λ = 532 nm). The visible
laser light is only absorbed at the Cr coated areas, whereas at the uncoated
areas no absorption takes place. The diffusion based domain inversion takes
place only at the Cr coated areas allowing the generation of complex 1D and 2D
domain patterns. The shortest domain period that is generated by this domain
engineering approach is investigated as well as the domain depth.
Finally, Chapter 6 presents a device application of the laser domain writing
technique of using Cr and focused UV laser light irradiation by fabricating a piezo-
electric acoustic superlattice structures on 128°YX-cut LiNbO3. This supperlat-
tice is then used as a transducer for driving flow and suspended microparticles
within a fluid droplet.
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Original scientific contributions
The original scientific contributions made by this thesis are:
1. Tailoring of domains in LiNbO3 crystals by firstly writing a domain of a
particular width, and then subsequently erase it partially using a focused
UV laser beam [7].
2. Combination of UV laser writing with a diffusion based domain engineering
technique by Cr coating of LiNbO3 crystals to reduce surface damage [8].
3. Suggestion of a model for the domain generation, when using the Cr coated
UV laser domain writing approach [8].
4. Generation of bulk domains in MgO-doped LiNbO3 crystals by UV laser
written poling inhibited areas with multiple electric field poling steps [9].
5. Suggestion of a model for the generation of bulk domains in MgO-doped
LiNbO3 crystals by UV laser written poling inhibited areas with multiple
electric field poling steps [9].
6. Generation of sub-micron period surface domains in LiNbO3 by using pat-
terned Cr and visible focused laser light [10].
7. Application of the generated domain pattern on 128°YX-cut LiNbO3 for
exaction of surface acoustic waves [11].
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Introduction
1.1 Lithium niobate (LiNbO3)
LiNbO3 is an artificially synthesised dielectric crystal, which was first discovered
in 1928 [15] and belongs to the ABO3-type ferroelectrics with oxygen octahedra
[16]. From 1965 the Czochralski technique enabled the growth of large single
crystals [17, 18]; this, together with LiNbO3’s various pronounced physical prop-
erties (electrooptic, piezoelectric, pyroelectric, acoustooptic, photorefractive, pho-
tovoltaic, ferroelectric and optical nonlinearity), gave rise to an increased interest
in LiNbO3. This versatility of properties made LiNbO3 an attractive material
for numerous applications and devices, especially in the areas of photonics and
phononics. In this chapter the general physical and optical properties of LiNbO3
are reviewed, particularly the domain engineering of LiNbO3 is highlighted, which
is one of the major contributions of this PhD thesis.
1.2 Crystal structure, defects and doping
The physical and optical properties of LiNbO3 are closely related to its crystal
structure. Below the ferroelectric Curie temperature (TC = 1414 K [19]), LiNbO3
consists of planar sheets of oxygen atoms in a distorted hexagonal close-package
configuration [20] as shown on Fig. 1.1(a). This structure forms a unit cell that
belongs to the rhombohedral (trigonal) space group R3c, with point group 3m
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[20]. The crystal structure has a threefold symmetry about axis of rotation, the
so called polar axis (or c-axis) and is invariant under a 120° rotation. In this
work, crystal coordinates are used; where the z-axis is parallel to the c-axis. The
position of the cations lithium (Li) and niobium (Nb) as well as the vacancy ()
define the direction of the z-axis, where the sequence ’..., Li, Nb, , Li, Nb, ,...’
corresponds to the +z direction. The cations are slightly displaced from the rel-
ative centre position between the oxygen planes; this displacement is illustrated
in Fig. 1.1(b), where the horizontal straight lines indicate the oxygen planes and
the dashed lines indicate the centre position between the oxygen planes. The
ordered cation displacement along the z-axis gives rise to a permanent dipole
momentum in the crystal leading to a spontaneous polarisation Ps = 0.71 C/m
2
[19] in LiNbO3 at room temperature. The cation displacement and the sponta-
neous polarisation vanishes when LiNbO3 is heated above the Curie temperature
TC and a phase transition from ferroelectric to paraelectric takes place [21].
The majority of LiNbO3 crystals are grown by the Czochralski technique, al-
lowing the fabrication of relatively large wafer diameters, e.g. 3” to 125 mm wafer
diameters a commercially available. When a uniform melt composition is used
during the crystal growth, then the LiNbO3 crystals grow in the so called congru-
ent composition of 48.45 mol% Li2O and 51.55 mol% Nb2O5 [22]. The excess of
Nb atoms and vacant Li sites in the crystal structure leads to an intrinsic defect
formation in the crystal. The presence of niobium antisites (NbLi)
4+ and lithium
vacancies (VLi)
− is a proposed model for the intrinsic defects in undoped con-
gruent LiNbO3 [23–25]. It was also suggested that the defects are not randomly
distributed in the crystal, but rather are organised as defect clusters, where one
defect cluster consists of a niobium antisite (NbLi)
4+ surrounded by three lithium
vacancies (VLi)
− in the nearest neighbourhood, plus one lithium vacancy (VLi)−
along the polar z direction [26, 27]. These defect clusters possess an additional
dipole that can align parallel or anti-parallel to the spontaneous polarisation and
thus influence macroscopic crystal parameters, such as the photorefractive effect
(Section 1.5) or the coercive field (Ec) (Section 1.9).
Reducing the number of crystal defects can be achieved with other crystal
growing techniques such as the double crucible Czochralski method [28] or using
vapour transport equilibration on non-stoichiometric LiNbO3 [29]. These tech-
2
Chapter 1
Figure 1.1: (a) The crystal structure of a LiNbO3 unit cell, redrawn from [12].
(b) The relative position of the cations (Li and Nb) in the crystal structure in
relation to the oxygen planes which are represented by black lines. The dashed
lines indicate the centre position between two oxygen planes.
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niques enable the fabrication of so called stoichiometric LiNbO3 crystals, which
have a composition of ∼50 mol% Li2O and ∼50 mol% Nb2O5. Another possibil-
ity of modifying defects in congruent LiNbO3 crystals is doping the crystal with
metals such as magnesium (Mg). It has been proposed that the Mg ions sit on the
niobium antisites (NbLi)
4+ and lithium vacancies (VLi)
− [30]. Both approaches
of reducing or modifying the crystal defects result in a reduced photorefractive
effect (Section 1.5) and a reduced coercive field (Ec) (Section 1.9).
1.3 Linear Optical properties
LiNbO3 is an attractive material for optical applications; therefore, a precise
description of the optical properties, such as the transparency window and the
refractive indices of the material, is essential. Undoped congruent LiNbO3 has a
wide optical transparency window that starts in the ultraviolet (UV) (∼350 nm)
and ends at the mid-infrared (mid-IR) (∼5 µm) [31]. The band gap of LiNbO3
lies at 3.7 eV [31]. The absorption coefficient (α) at a wavelength of 244 nm,
which is the wavelength used in the work presented here, is ∼ 3 × 107 m−1 [32].
The high absorption coefficient indicates that when UV light of this wavelength
is used to irradiate a LiNbO3 crystal, most of it is absorbed at the very surface
of the crystal (<100 nm).
LiNbO3 crystals are negatively uni-axial birefringent. When the E-field of
an optical wave is polarised parallel to the crystal z-axis, it sees the extraordi-
nary refractive index ne and when the E-field of the optical wave is polarised
perpendicular to the crystal z-axis, it sees the ordinary refractive index no. The
refractive index of LiNbO3 has been thoroughly investigated and is typically de-
scribed by a Sellmeier equation. The congruent LiNbO3 crystals used in this work
were purchased from ‘Gooch & Housego’, which supplied temperature dependent
Sellmeier equation with their crystals [13]. The Sellmeier equation is given by
ni (λ, T ) =
√
A1 +
A2 +B1F (T )
λ2 − (A3 +B2F (T ))2
+B3F (T )− A4λ2 (1.1)
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Table 1.1: Parameters of the temperature depended Sellmeier equation (Eq. 1.1)
[13].
Parameter ne no
A1 4.582 4.9048
A2 9.921×104 1.1775×105
A3 2.109×102 2.1802×102
A4 2.194×10−8 2.7153×10−8
B1 5.2716×10−2 2.2314×10−2
B2 -4.9143×10−5 -2.9671×10−5
B3 2.2971×10−7 2.1429×10−8
and
F (T ) = (T − 24.5) (T + 570.5) (1.2)
where T is the crystal temperature in °C and the values for the Sellmeier equation
are listed in Table 1.1. Figure 1.2 shows the refractive indices calculated from the
Sellmeier equation (Eq. 1.1) as a function of wavelength at a crystal temperature
of 25°C. One can see the dispersion of the LiNbO3 crystal, which is larger for
shorter wavelengths.
1.4 Nonlinear Optical properties
The field of nonlinear optics describes the nonlinear polarisation response of ma-
terials to an intense electrical field from electromagnetic waves. The induced
polarisation in a medium can be written in a Taylor series expansion (here ex-
panded to include the first three terms) for a specific frequency ω0 as [33]
Pω0,i = P
(1)
ω0,i
+ P
(2)
ω0,i
+ P
(3)
ω0,i
+ ... i = 1, 2, 3 (1.3)
P
(1)
ω0,i
= 0χ
(1)
ij Eω0,j i, j = 1, 2, 3
P
(2)
ω0,i
= 0χ
(2)
ijkEω1,jEω2,k i, j, k = 1, 2, 3
P
(3)
ω0,i
= 0χ
(3)
ijklEω1,jEω2,kEω3,l i, j, k, l = 1, 2, 3
(1.4)
5
Chapter 1
ne
no
Re
fra
cti
ve
 in
de
x
2.10
2.15
2.20
2.25
2.30
2.35
2.40
Wavelength [nm]
500 1000 1500
Figure 1.2: Extraordinary and ordinary refractive indices for congruent LiNbO3
at 25°C, plotted using the Sellmeier equation of the LiNbO3 data sheet from
‘Gooch & Housego’ [13].
where P
(1)
ω0,i
is the linear component of the induced polarisation having a linear
susceptibility χ
(1)
ij , P
(2)
ω0,i
is the second order nonlinear component having a second
order nonlinear susceptibility χ
(2)
ijk, P
(3)
ω0,i
is the third order nonlinear component
having a third order nonlinear susceptibility χ
(3)
ijkl, ω1, ω2, ω3 are the frequency
components, 0 is the permeability of free space, and i, j, k and l could be
any of the 3 spatial coordinates. [33]. Noncentrosymmetric crystals, such as
LiNbO3, possess a high second order nonlinear susceptibility χ
(2) [33]; thus, we
will focus on second order nonlinear effects, such as second harmonic generation,
sum and difference frequency generation, parametric oscillation, and parametric
amplification.
The second order nonlinear susceptibility χ
(2)
ijk can be described as a tensor
dijk, which can be simplified due to the Kleinman symmetry rule to a contracted
notation dil, with l defined in Table 1.2, resulting in the third-order tensor being
rearranged into a 3 × 6 two-dimensional matrix.
The second order nonlinear polarisation response of LiNbO3 can be written
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Table 1.2: Definition of the contracted tensor notation from dijk to dil.
jk : 11 22 33 23,32 13,31 12,21
l : 1 2 3 4 5 6
as
P (2)ω0,1P (2)ω0,2
P
(2)
ω0,3
 = 20K
 d15 −d22−d22 d22 d15
d31 d31 d33


Eω1,1Eω2,1
Eω1,2Eω2,2
Eω1,3Eω2,3
Eω1,2Eω2,3 + Eω2,2Eω1,3
Eω1,1Eω2,3 + Eω2,1Eω1,3
Eω1,1Eω2,2 + Eω2,1Eω1,2
 (1.5)
where d31 = −5.8 pm/V, d33 = −33 pm/V and d22 = 2.8 pm/V at a wavelength
of 1.064 µm [31].
Since the electric field of the pump wave and the electric fields of the nonlin-
earily generated waves have different frequencies, the dispersion in LiNbO3 causes
the different frequencies to travel with different phase velocities ωj/kj, where kj
is the wavevector. If the wavevector mismatch ∆k = k0 − k1 − k2 6= 0, the phase
of the beams will become increasingly mismatched as they travel through the
crystal. The electric field of the nonlinearly generated light will increase until
a pi phase shift has accumulated between the pump wave and the nonlinearly
generated waves and then decrease and vanish when a phase shift of 2pi has ac-
cumulated between the pump wave and the nonlinearly generated waves. After
that the growth begins again, resulting in a periodically oscillating nonlinearly
generated E-field as illustrated in Fig. 1.3. This behaviour is also called non-
phase matching (NPM). The length that is required to accumulate a pi phase
shift between the pump wave and the nonlinearly generated waves is called the
coherence length lc.
In quasi-phase matching (QPM) [34], the accumulated phase mismatch is
avoided by ‘resetting’ the phase mismatch back to zero after it has grown to a
value of pi. This is achieved by inverting the sign of the nonlinear susceptibility
χ(2) at every coherence length lc. In this way, the change of the sign of the driving
7
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Figure 1.3: Illustration of the relative phase matching efficiencies for non-phase
matching (NPM), quasi-phase matching (QPM) and perfect phase matching
(PPM). The sign of the nonlinear susceptibility χ(2) is inverted after each co-
herence length lc for the QPM scheme.
nonlinear polarisation compensates for the accumulated phase mismatch, result-
ing in a steady increase in the nonlinearly generated electric field. In LiNbO3,
one has to invert the spontaneous polarisation periodically with a grating vector
Kg = 2pi/Λg, where Λg = 2lc is the grating period, and the quasi-phase matching
condition becomes ∆k = k0 − k1 − k2 −Kg = 0.
1.5 Photorefractive effect
The photorefractive effect can be observed in LiNbO3 and other materials with a
refractive index that changes upon illumination. In LiNbO3, it was first discovered
by Ashkin et al. [35], who described the photorefractive effect as an optically-
induced refractive index inhomogeneity. The origin of the photorefractive effect
in LiNbO3 has been studied in detail in [36–39], where it was proposed that
an inhomogeneous illumination excites charge carriers that migrate due to drift
and photovoltaic effects into regions with low light intensity, where they become
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trapped. The resulting space-charge field is then able to modify the refractive
index of the illuminated area via the linear electrooptic effect.
The photorefractive effect is a nonlinear optical effect, which can be more
strongly observed when high laser intensities are used, as is the case for non-
linear optical applications employing the high second order susceptibility χ(2)
in LiNbO3. The photorefractive effect then causes an unwanted distortion of
the beam, called optical damage, which can reduce the nonlinear efficiency. A
reduction of the optical damage can be achieved by increasing the electrical con-
ductivity of the LiNbO3 crystal, thereby short-circuiting the space-charge fields.
An increased electrical conductivity, and therefore a reduction of the optical dam-
age, can be achieved by heating the crystal up to a temperature between 150 -
230°C [35] or by using MgO doped LiNbO3 crystals [40].
1.6 Pyroelectric effect
The pyroelectric effect can be observed in LiNbO3 when the whole crystal ex-
periences a temperature change δT and responds by a spontaneous polarisation
change δP due to the movement of the Li and Nb ions relative to the oxygen
layers. The change in spontaneous polarisation can be written as [31]
δPi = piδT (1.6)
where pi are the pyroelectric vector coefficients. The change in the spontaneous
polarisation results in surface charges at the + and −Z crystal faces of the LiNbO3
crystal, leading to a potential difference between the two crystal faces. The
surface charges can be neutralised over time via the bulk conductivity of the
LiNbO3 crystal or by adhesion of external screening charges [31]. This indicates
that the pyroelectric effect is a temporal effect and that the rate of temperature
change of the crystal is important. In congruent LiNbO3 the pyroelectric effect
is most significant for temperature changes below a crystal temperature of 150 to
200°C, because the increased bulk conductivity neutralises the surface charges in
the µs time scale above these temperatures [41, 42].
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1.7 Thermoelectric effect
The thermoelectric effect occurs in LiNbO3 when the crystal experiences a tem-
perature gradient along the crystal length. The temperature gradient causes a
diffusion of charge carriers, causing a potential difference along the temperature
gradient. A first characterisation of the thermoelectric power of LiNbO3 was done
by Jorgensen et al. [43]. The induced electric field can be expressed as [44]
Ethermoelectric = Qi,l∇T (1.7)
where Qi,l is the thermoelectric power tensor and∇T is the temperature gradient.
The thermoelectric effect should not be confused with the pyroelectric effect,
where, in contrast, the whole crystal experiences a uniform temperature change.
Another difference is that the thermoelectric effect is a non-temporal effect, so
that an induced electric field exist as long as there is a temperature gradient.
1.8 Piezoelectric effect
The piezoelectric effect occurs in LiNbO3 when the crystal experiences stress and
responds by a spontaneous polarisation change, which can be written as
δP1δP2
δP3
 =
 d15 −2d22−d22 d22 d15
d31 d31 d33


σ11
σ22
σ33
σ32, σ23
σ31, σ13
σ21, σ12

(1.8)
where δP1, δP2, δP3 are the stress induced polarisation changes, dij are the piezo-
electric coefficients (different to the second order susceptibility coefficients in
Eq. 1.5), and σij are the stress components. The piezoelectric coefficients were
measured by Smith et al. [45] to be d15 = 6.92× 10−11 C/N, d22 = 2.08× 10−11
C/N, d31 = −0.085× 10−11 C/N and d33 = 0.6× 10−11 C/N for LiNbO3.
Piezoelectric materials such as LiNbO3 also show the opposite effect, where
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an applied electric field creates a deformation in the crystal. This effect is called
the converse piezoelectric effect; an example for an application of this effect is the
generation of surface acoustic waves (SAWs) in LiNbO3 using an interdigitated
transducer (IDT) [46].
1.9 Domain engineering of LiNbO3
The term ‘ferroelectric domain engineering’ refers to a number of techniques de-
veloped for reversing the spontaneous polarisation Ps of ferroelectric crystals in a
controllable fashion. Another term for this controlled reversal of the spontaneous
polarisation Ps is ‘poling’. When the spontaneous polarisation Ps is periodically
inverted in LiNbO3 it is called periodically poled LiNbO3 (PPLN), which has
found many applications in the field of nonlinear optics relating to the concept
of QPM (Section 1.4) [47–49] and the field of SAWs [5, 6].
Domains with sub-micron feature scales are of particular interest since they
are required for the generation of counter propagating photons in nonlinear op-
tical applications [50]. Unique properties of counter propagating parametric in-
teraction are an inherent feedback and a narrow bandwidth, enabling the real-
isation of classical optical devices such as mirrorless optical parametric oscilla-
tor (MOPO) [50] or permitting the generation of quantum states that possess
discrete-frequency entanglement in quantum optics [51].
Short domain scales are also interesting in the field of SAWs or phononics,
where these periods would allow for the generation and manipulation of SAWs
with frequencies in the GHz regime [5, 6]. The GHz regime in phononics is
attractive due to the use of SAW filters for communication application such as
’bluetooth’ (∼2.5 GHz) [3, 4]. GHz SAWs are also used in phononic quantum
applications because at cryogenic temperatures the manipulation and detection
of single phonons is possible when kBT  hfSAW [52–54]; therefore, research into
techniques for reliable sub-micron domain engineering of LiNbO3 is in demand.
Since domain engineering of LiNbO3 is the focus of the work presented here,
a more detailed overview of the frontier of this research field is given below,
especially in terms of shortest achievable domain sizes and periods.
The position of the Li and Nb ions determine the direction of the spontaneous
11
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Figure 1.4: Motion of the Li and Nb ions during domain inversion, replotted
from [12]. One can see that the Nb ions undergo a small displacement within
their oxygen octahedrons, whereas the Li ions undergo a larger displacement
through the close-packed oxygen planes.
polarisation Ps of the LiNbO3 crystal. To invert the spontaneous polarisation Ps
of the crystal, the ions have to undergo a transition within the oxygen lattice,
as is illustrated in Fig. 1.4. One can see that the Nb ions undergo a small dis-
placement within their oxygen octahedron, whereas the Li ions undergo a larger
displacement through the close-packed oxygen planes. To achieve the displace-
ments of the Li and Nb ions, relatively large forces are required. These can be
created through applying large electric fields along polar z-axis. To reduce the
force that is required for domain inversion, one can also heat the crystals close to
the Curie temperature TC, thereby expanding the close-packed oxygen planes so
that the transition of the Li ions through the oxygen planes becomes easier.
12
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1.9.1 Electric field poling
Electric field poling (EFP) is probably the most common technique for domain
engineering LiNbO3 crystals. The technique uses a spatially modulated strong
electric field along the crystal z-axis with a polarity opposite to the spontaneous
polarisation Ps. The spatial modulation of the electric field on the surface of the
LiNbO3 crystal is achieved by photolithographical patterning metal electrodes
[49], or photoresist in combination with liquid electrodes [55]. The liquid electrode
approach is illustrated in Fig. 1.5, where first the photoresist pattern is fabricated
(Fig. 1.5(a)), serving as a patterned electrically insulating layer; next, a high
voltage pulse is applied to the uniform liquid electrodes, which are typically made
of tap water or water saturated with LiCl. Domain inversion occurs, when the
electric field exceeds the so called coercive field Ec. The domain nucleation starts
typically at the edges of the electrodes due to the increased electric field at the
corners of the electrodes [56]. The nucleated domains then propagate into the
crystal until they reach the opposing crystal surface; they also spread laterally.
The lateral spreading of the domains makes it challenging to fabricate poling
periods shorter than a few µm [57]. The resulting periodically poled domain
pattern is illustrated in Fig. 1.5(b).
More recently poling techniques have been investigated where the electric field
for domain inversion is applied locally. This can be achieved by scanning probe
microscopy [58, 59], electron-beam writing [60] or ion-beam writing [61]. All these
techniques have in common that the electric field is applied very locally, which is
beneficial for reducing the lateral spreading of domains; therefore, enabling the
generation of domains as small as ∼0.5 µm [58, 59] in LiNbO3. Another advantage
of these poling techniques is that also more complex poling patterns such as 2D
poling patterns are relatively easy to achieve. A drawback to these techniques
is that they are serial processes, making the fabrication of larger poling patterns
very time consuming and also prone to stitching errors.
1.9.2 Domain inversion by diffusion
It is known that diffusion processes such as titanium (Ti) in-diffusion or lithium
out-diffusion can cause domain inversion [62–66]. These processes are usually per-
13
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Figure 1.5: Illustration of the electric field poling setup, when using liquid elec-
trodes and a photoresist pattern. The domains get locally inverted when the
liquid electrodes are in contact with the LiNbO3 surface and the applied electric
field exceeds the coercive field Ec, resulting in periodically poled LiNbO3.
formed in a furnace at elevated temperatures (950-1100°C). It has been reported
that the concentration gradient of impurities and defects, which arise during the
in-diffusion of metals (Ti) or out-diffusion of lithium, induces a built-in electric
field that inverts the polarisation of the crystal when it exceeds the coercive field.
The domain formation usually takes place at the +Z face of the crystal. Kugel
et al. [64] suggested that the domain formation when annealing an uncoated
LiNbO3 crystal is due to the defect gradient when oxygen diffuses out; however,
it has been shown that the inverted domain depth resulting from out-diffusion
is in air deeper than it is in an argon atmosphere [67]. This indicates that the
domain inversion is caused by another diffusion process; thus, Huang et al. [65]
attributed the domain formation due to the out-diffusion of lithium.
Although the domain inversion via the diffusion technique allows the gen-
eration of very regular and large scale domain patterns, it is nowadays rarely
used. This can be attributed to the high temperatures that are needed for this
process, which makes it difficult to use as a post-process. Also, the diffusion
processes may cause refractive index changes [68], which may not be desirable for
waveguide applications.
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1.9.3 Light-assisted domain engineering
The term light-assisted domain engineering refers to techniques, where an electric
field is applied to a LiNbO3 crystal and at the same time the LiNbO3 crystal is
illuminated with patterned, focused or uniform light [69–72]. The electric field
applied to the crystal is kept just below the coercive field Ec of the crystal. The
incident light, which is usually either in the near UV or the blue-green spectral
region, causes a temporary local reduction of the coercive field Ec. Domain
nucleation occurs, when the optically reduced coercive field Ec is lower than
the applied electric field so that domain patterns can be generated that follow
the light illumination pattern. Although the technique allows great flexibility of
domain patterns and can be implemented as a parallel as well as a serial process,
the setup and alignment can be cumbersome and the achievable domain sizes are
usually in the order of several microns [70, 72].
1.9.4 Laser direct write domain engineering
Recently, a novel domain patterning method has been introduced where domains
can be generated in a single step on the X- and Y-face of LiNbO3 crystals by
scanning a focused UV laser beam (λ = 244 nm) across the crystal surface [14].
The UV laser light is strongly absorbed at the very surface [32], creating a lo-
calised heat profile with a strong temperature gradient between the irradiated
surface and the directly adjacent material [14, 73]. The temperature profile and
the temperature gradient is illustrated in Fig. 1.6 (a) and (b). The local heating
and cooling can induce bulk screening effects, which are a result of the increased
conductivity and the pyroelectric effect. These screening effects can influence
or even cause domain inversion [41, 42, 74]. However, it seems to be more likely
that the strong temperature gradient induces a bipolar thermoelectric field, which
causes domain inversion [44]. The induced thermoelectric field can be written as
E = QdT (see Eq. 1.7) [44]. The domain inversion process is illustrated in
Fig. 1.6 (c), where the negative part of the bipolar electric field causes domain
inversion if the coercive field at the elevated temperature is exceeded. Whether
a domain is written or not depends on the trailing part of the bipolar field, when
the focused UV laser beam is moved across the crystal surface [14].
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Figure 1.6: Sketch of the domain inversion process (replotted from [14]; all axes in
arbitrary units). The strong absorption of the UV light at the very surface gener-
ates a localised Gaussian temperature profile along the z-axis (a). The resulting
temperature gradient (b) induces a bipolar thermoelectric field (c). The negative
part of the induced bipolar electric field can invert the crystal polarisation if it
exceeds the coercive field at the elevated temperature.
This domain engineering technique seems to be very promising for achieving
controllable sub-micron period domain patterns since the UV light can be focused
very tightly. However, the high temperature gradients can cause surface damage
and the domain depth is limited to the temperature profile of the irradiated spot
[14].
1.10 Domain visualisation
Different techniques can be used to visualise and investigate domain patterns and
excellent reviews are available in the literature [75, 76]. This section focuses on
two techniques, that will be of utility for the studies forming the remainder of this
thesis. The first one is piezoresponse force microscopy (PFM) (Section 1.10.1),
where a modified scanning force microscope (SFM) is used for picking up and
visualising the piezoresponse of a sample. The second technique is differential
chemical etching (Section 1.10.2), where different etch rates of crystal faces are
used to translate a domain pattern into a topography that can be visualised via
optical microscopy or scanning electron microscopy (SEM).
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1.10.1 Piezoresponse force miroscopy (PFM)
PFM was first introduced in 1992 by Guenther and Dransfeld [77] and became
over time a standard visualisation and characterisation tool for domains and
ferroelectric crystals in general. A review of this technique can be found in [78].
A PFM is a standard SFM that operates in contact mode, where an oscillating
voltage is applied to a conductive SFM tip. The oscillating voltage and the
conductive SFM tip provide the means of locally applying an electric field to a
piezoelectric sample, which deforms the surface due to the converse piezoeletric
effect (Section 1.8). The periodic vibrations of the surface are picked up via
the tip and filtered by a Lock-in amplifier to read out information such as the
amplitude and phase of the surface vibrations. The phase of the retrieved signal
is of great interest, since it will experience a phase shift of 180° when the tip
is scanned across two domains with opposing spontaneous crystal polarisations.
The domain pattern can, therefore, be visualised by plotting the phase signal of
a PFM measurement.
PFM imaging has its strength in visualising small domain structures as well
as confirming that the crystal has retained its crystal structure after the domain
inversion process when using high temperatures, which are generated when using
strongly absorbed laser irradiation. Another advantage of PFM imaging is that it
is a non-destructive method. However, the scanning area of a PFM measurement
is usually relatively small (tens to hundreds of microns), which makes a PFM
measurement unsuitable for investigating large domain patterns.
1.10.2 Chemical etching
Differential chemical etching was first discovered in 1966 [79], where it was used
to obverse defect and domain structures of LiNbO3 crystals. It employs the dif-
ferent etch rates of crystal faces to translate a domain pattern into a topography.
The topography can then be visualised by optical microscopy or SEM. Pure hy-
drofluoric (HF) acid or a mixture of nitric and HF acid are commonly used to
etch LiNbO3 crystals. In the work presented here pure HF acid (48%) was used
for investigating domain patterns, where the etch rates for the crystal Z-faces are
0.8 µm/h for the -Z face and nil for the +Z face [80].
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Differential chemical etching is attractive for investigating large domain pat-
terns since it is a parallel process and the topography pattern can be quickly
imaged by optical microscopy and SEM imaging. However, the drawback of
chemical etching is that it is a destructive process, which may limit the useful-
ness of the etched sample for further applications.
1.11 Summary
This chapter has introduced LiNbO3 as a ferroelectric crystal as well as its crystal
properties. The optical properties have been highlighted and the photorefrac-
tive, pyroelectric, thermoelectric and piezoelectric effect have been introduced.
A review of the state of the art in domain engineering and domain visualisation
techniques in LiNbO3 have been given.
It can be summarised that LiNbO3 is a mature and attractive platform. Al-
though electric field poling is a well developed domain engineering technique,
it seems not to provide the ability to generate precisely controllable sub-micron
domain patterns, which are necessary for novel applications such as the genera-
tion of counter propagating photons in nonlinear optical applications [50] or GHz
SAW filters. This triggers the need for exploring alternative domain engineering
techniques, which may offer the ability to generate precise sub-micron domain
patterns. A promising technique for achieving sub-micron domain patterns is the
laser direct writing of domains (Section 1.9.4). This technique and modifications
of it are further development in the following chapters, where their limitations
are investigated.
For guidance through the work presented here, a table or checklist is provided
at the end of each chapter summarising and highlighting the advantages and lim-
itations of the presented poling technique towards the goal of sub-micron domain
patterning in LiNbO3. The key point listed in the table are: short domain periods
(few µm), sub-micron domains, domain depth (sufficient overlap for photonic or
phononic applications), no surface damage, which can be seen in Table 1.3.
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Table 1.3: Checklist of the investigated domain engineering method.
Goals Possible
Short domain periods (few µm)
Sub-micron domains
Sufficient domain depth
No surface damage
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Tailored domain structures on
the X- and Y-face of LiNbO3
crystals
The overall objective of this thesis is the investigation and further development
of the laser direct write domain engineering technique with the aim of generating
precisely controllable sub-micron domain patterns. A promising technique for
achieving sub-micron domain patterns is the laser direct writing of domains (Sec-
tion 1.9.4). In this chapter the poling technique of domain tailoring by scanning
a focused UV laser beam (λ = 244 nm) across the non-polar faces of a LiNbO3
crystal is investigated. A domain is first written by scanning the focal spot along
the crystallographic −z direction and afterwards partially erased by scanning the
focal spot along the +z direction. The bulk of this chapter is adapted from the
published journal paper [7]. At the end of the chapter, the domain engineering
technique will be assessed using the ‘checklist’ introduced in Section 1.11.
2.1 Introduction
Ferroelectric domain patterning in LiNbO3 is, in general, performed via electric
field poling, thereby reversing the direction of the spontaneous polarisation Ps by
locally applying an electric field along the polar z-axis of the crystal, exceeding the
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so-called coercive field [81]. As a consequence, electric field poling is normally ap-
plied to Z-cut crystals, with the electrodes defined via a photolithographic process.
However, several applications, such as angle-tuned second-harmonic generation in
Y-cut LiNbO3 [82], require non-polar LiNbO3 cuts. Here, domain structuring can
only be accomplished by firstly fabricating ridge-waveguiding structures, which
then allow for the application of electrodes necessary for electric field poling. This
is a cumbersome process and only a single ridge-waveguide can be poled at a time
[83].
Recently, a novel domain patterning method has been introduced where do-
mains can be generated in a single step on the X- and Y-face of LiNbO3 crystals
by scanning a focused UV laser beam across the crystal surface [14]. The UV laser
light is strongly absorbed at the very surface [32], creating a localised heat profile
with a strong temperature gradient between the irradiated surface and directly
adjacent material [14, 73]. The temperature profile and temperature gradient are
illustrated in Fig. 2.1 (a) and (b). The strong temperature gradient induces a
bipolar thermoelectric field, which can cause domain inversion [44]. The thereby
induced thermoelectric field can be written as E = QdT , where Q is the ther-
moelectric power tensor and dT is the temperature gradient [44]. The domain
inversion process is illustrated in Fig. 2.1 (c), where the negative part of the
bipolar electric field causes domain inversion, if the coercive field Ec at the ele-
vated temperature is exceeded. When the focused UV laser beam is moved across
the crystal surface, it depends on the trailing part of the bipolar field whether
a domain is written or not [14]. If the laser beam is scanned along the crystal-
lographic −z direction, the leading part of the bipolar field is positive, which is
oriented in the direction of the crystal polarisation and therefore does not affect
it. However, the trailing part of the bipolar field is negative, which is oriented
opposite to the direction of the crystal polarisation, resulting in the formation
of a domain. Hence, the term domain ‘writing’ is used. If, on the other hand,
the laser beam is scanned along the +z direction, the leading part of the bipolar
field is negative and therefore inverts the polarisation of the crystal. However,
the trailing part of the bipolar field is positive, which is oriented opposite to
the polarisation direction of the previously inverted domain and therefore inverts
it again. The resulting polarisation is therefore identical to the original crystal
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Figure 2.1: Sketch of the domain inversion process (replotted from [14]; all axes in
arbitrary units). The strong absorption of the UV light at the very surface gener-
ates a localised Gaussian temperature profile along the z-axis (a). The resulting
temperature gradient (b) induces a bipolar thermoelectric field (c). The negative
part of the induced bipolar electric field can invert the crystal polarisation, if it
exceeds the coercive field at the elevated temperature.
polarisation, such that over all, no domain forms.
This means that, if the laser beam is scanned along the +z direction on a
previously written domain (scanned along the −z direction), the trailing part of
the bipolar field is positive and therefore opposite to the direction of the crystal
polarisation. As a consequence, a previously UV-written domain can be reversed
again to the original crystal polarisation by scanning the laser beam on its way
back, hence the term domain ‘erasure’ is used in the following.
As a consequence of the ability to write and erase domains, it should be
possible to firstly write a domain of a particular width, and then subsequently
erase it partially. Using such a scheme, it should be possible to tailor domains,
which are smaller than the focused laser beam diameter. In this chapter, such
tailored domain structures with various domain widths are presented.
2.2 Experimental Methods for tailoring domains
In our experiment, the -Y face of a congruent LiNbO3 crystal was irradiated by
focused UV laser light with a wavelength of 244 nm, which was provided by a
frequency doubled argon ion laser. The UV laser light was focused to a beam
diameter of 7 µm by a lens with a focal length of 40 mm. The scanning of the
UV laser tracks was accomplished by the use of a three axis translation stage,
which maintained the scanning velocity for all scans constant at 0.1 mm/s.
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Figure 2.2: Scanned UV laser light tracks on the first sample (corresponds to the
results in Fig. 2.3), where (1) and (1’) would erase domains, (2) and (2’) would
write domains. For the displacement ∆x along the x-direction, the shutter was
closed. Please note, that the thickness of the scanning lines in this figure does
not correspond to the width of the irradiated laser tracks. In the experiment the
laser tracks actually overlap with each other.
2.2.1 Domain Modification at the Surface
To form tailored domains, the focused UV laser beam (I = 2.9 × 105 W/cm2)
was scanned along the crystal surface as illustrated in Fig. 2.2. The laser beam
was first scanned in the +z direction (1), which should have no effect on the
crystal polarisation. The focal spot was then shifted in the +x direction by ∆x
and then scanned in the −z direction (2), writing a domain. The focal spot was
again shifted by ∆x and the beam was scanned in the +z direction (1’) erasing
part of the previously written domain. The sequence continued with alternating
scans in the −z and +z direction each offset with a +x translation of ∆x. The
first scan (1) was done to compare the piezoresponse force microscopy (PFM)
response of an erasing scan on a virgin crystal to an erasing scan on a previously
written domain. The length of each of these four scanned lines was 3 mm. The
shutter was closed for the displacement ∆x along the x-direction and ∆x was
kept constant for each written pattern. A number of patterns were produced
with ∆x varying from 2 µm to 7 µm.
To visualise the resulting domain pattern on the Y-cut crystal, PFM was used.
PFM detects the local piezoelectric deformation due to the applied electric field
from the tip of a scanning force microscope [78]. The PFM records simultaneously
also the topography, which is used to analyse the surface of the irradiated area.
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2.2.2 Domain Depth Profile Investigation
In a second experiment, multiple UV tracks are written again on the -Y face of a
congruent LiNbO3 crystal, with an intensity of 3.5×105 W/cm2, to investigate the
evolution of the domains into the depth. The tracks were scanned sequentially
in −z and +z direction to generate three patterns with a spacing of ∆x = 2, 3
and 4 µm, respectively. Afterwards, the crystal was diced perpendicular to the
scanned line and polished to optical grade, which revealed the Z-face cross section.
Next, the cross section was etched in hydrofluoric (HF) acid, which preferentially
etches the -Z face [80], transferring the depth profile of the domain pattern into
a surface topography, which finally was imaged using SEM.
2.3 Experimental Results
2.3.1 Domain Modification at the Surface
Fig. 2.3 (a) to (f) present the PFM results of the written and erased domains
of the UV laser light scanning structure, which is illustrated in Fig. 2.2, for
a translation stage movement in +x direction ranging between ∆x = 2 µm and
7 µm from (a) to (f), respectively. It can be seen that the directly written domain
(left bright stripe), which corresponds to track (2) in Fig. 2.2, is partially erased
by track (1’) after shifting the laser scan trajectory by less than focal beam width
(2 µm to 7 µm for Fig. 2.3 (a) to (f), respectively).
The PFM images also show that the boundaries of the written and erased
domains appear to be not well-defined, compared to a traditional domain bound-
ary produced by the application of an external electric field. Additionally, it can
be seen that the two erased scanning lines, which correspond to the lines (1)
and (1’) in Fig. 2.2, both show the same colour-level, which is also similar to
the colour-level of the virgin LiNbO3 crystal. This implies that they have similar
piezoelectric properties and hence a similar polarisation orientation and strength.
The width of the written domain can be identified from the right bright stripe in
each PFM picture (track (2’)) and corresponds to the focused beam diameter of
7 µm.
The PFM images also shows evidence of thermal induced damage on the
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Figure 2.3: PFM images of the UV-written domains, which were generated by
scanning the focused UV laser light across the crystal surface as depicted in
Fig. 2.2. The spacing between the UV tracks was varied from ∆x = 2 to 7 µm for
(a) to (f), respectively. The width of the written domains, can be identified on
the right domain of each PFM picture and corresponds to the focal beam width
of 7 µm.
surface. This surface damage can also be seen in Fig. 2.4 (a), which presents the
topography of the UV-written tracks for a spacing of ∆x = 4 µm. Fig. 2.4 (b)
shows the height signal of one line scan in (a) as a function of the x-axis. From
these topography measurements it can be seen that the UV irradiation manifests
as an uneven surface, with surface irregularities as high as 130 nm.
2.3.2 Domain Depth Profile Investigation
Fig. 2.5 shows the cross sections of the UV-written and erased domains of the
second sample, from which the depth profile of the domains can be identified. The
HF-etched cross sections indicate that the domains have a ‘half-crescent-shaped’
depth profile with a maximum depth of 2.5 µm. The white, dashed line on the
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Figure 2.4: (a) shows the topography of the UV tracks, which where written with
a spacing of ∆x = 4 µm. (b) presents the height signal of one line scan in picture
(a) as a function of the x-axis. It can be seen that the UV irradiation modifies
the surface topography, resulting in surface irregularities as high as 130 nm.
right side in Fig. 2.5 (a) is drawn to guide the eye and to highlight the domain
shape. Cracks and surface damage, originating from the thermal stress during
domain formation are clearly visible, enhanced by the 2 hour HF etching process.
Also evident in Fig. 2.5 (a) is a kind of an undercut etch band below the tailored
domains, which is ∼500 nm thick.
In Fig. 2.5 (a) to (c) it can also be seen that the width of the ‘half-crescent-
shaped’ domains increases with wider line spacing ∆x. However, the ‘half-
crescent-shaped’ domain profile itself does not change significantly for the shown
spacings. Fig. 2.5 (a) even shows, that for small ∆x the ‘half-crescent-shaped’
domains can overlap each other, which means that the tip of one domain lies
under the body of the next domain.
2.4 Discussion
A potential explanation of the observed ‘half crescent shape’ domain profile in
Fig. 2.5 is illustrated in Fig. 2.6, where in (a) the shape of the domain generated
by scanning the focused UV laser light along the −z direction is shown. After
shifting the beam by ∆x, the previously written domain is partially erased by
scanning the UV laser beam along the +z direction, which is shown in Fig. 2.6
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Figure 2.5: Cross sections of the UV-written and erased domains after HF-
etching, imaged by SEM. The spacing of the scanned UV lines is ∆x = 2, 3
and 4 µm for (a) to (c), respectively. The white, dashed line on the right side in
(a) is drawn to guide the eye and to highlight the ‘half-crescent’ domain shape.
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Figure 2.6: Illustration of how the ‘half-crescent-shaped’ domain shape is gener-
ated. (a) shows a written domain by scanning the focused UV laser light along
the −z direction. In (b) the domain in (a) is partially erased by scanning the UV
laser beam along the +z direction. In (c) the steps in (a) and (b) are repeated
for four times. The domain pattern on the Z-face of this illustration looks similar
to the domain pattern observed in Fig. 2.5.
(b). The resulting domain shape is ‘half-crescent-shaped’. In Fig. 2.6 (c) the
steps in (a) and (b) were repeated four times, resulting in four tailored domains.
The Z-face of this illustration looks similar to the domain depth profile observed
in Fig. 2.5.
The not well-defined domain boundaries in the PFM images in Fig. 2.3 can
be explained by the depth resolution of the PFM in combination with the ‘half-
crescent-shaped’ depth domain profile. The depth resolution of the PFM mea-
surements in LiNbO3 is approximately 1.7 µm [84]. By scanning the PFM tip
across the surface above the domain boundary, a superposition of both domains
(inverted and not inverted domain) laying on top of each other is detected, result-
ing in a not well-defined PFM signal across the domain boundary. Therefore, this
PFM signal should not be interpreted as a not well-defined domain boundary, it
should most probably be interpreted as an inclined domain boundary. This is
also in agreement with the observed domain boundaries in Fig. 2.5, which appear
rather well-defined.
The surface damage and cracks, which can be observed in Fig. 2.4 and Fig. 2.5
are common features of this domain engineering technique and have been previ-
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ously reported by Steigerwald et al. [14] and by Muir et al. [85]. Also, a simi-
lar structure to the observed undercut etch band below the tailored domains in
Fig. 2.5 has been observed by Ying et al. [86], when focused UV laser light was
used for generating a poling inhibited area. In this case it was termed as an etch
frustrated region, possibly due to presence of nanodomains. However, further
analysis is needed in order to understand this effect.
The limitation of this method was found to be at a tailored domain width of
approximately 2 µm, which is ∼30% of the focused laser beam diameter. Indeed,
reducing the width of the UV laser beam should allow generation of domains with
even smaller widths. This would enable tailor-made domain patterns with a sub-
micron periodicity, which could potentially be used for backwards propagating
non-linear optical processes [50] and should help pave the way for new nonlinear
integrated optic devices in LiNbO3. The observed inclined ‘half-crescent-shaped’
domain profile is significantly different to the vertical domains achieved by tra-
ditional electric field poling. However, these structures could be considered a
‘blazed’ grating and may offer some advantages when attempting to couple modes
of different orders within a surface waveguide or indeed for launching a generated
beam out of the surface of the device, for example the use of difference frequency
generation to form THz beams [87].
2.5 Summary and Conclusions
It was confirmed that domains with a width down to ∼2 µm, which was ∼30%
of the focused laser beam diameter, could be obtained by partially erasing a
previously written domain using a counter-propagating scan on the non-polar
faces of LiNbO3. The depth of the UV-written domain was on the order of
microns, which would enable applications in integrated non-linear optics. New
waveguide engineering methods [88] could be utilised to ensure a sufficient overlap
between the guided light and the domain pattern. Balancing these advantages
was the occurrence of thermal damage introduced on the surface.
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2.6 Assessment in the context of the overarch-
ing thesis
Table 2.1 highlights the potential of the tailoring of domains technique, which was
presented in this chapter. The shortest domain period, which was achieved with
this poling technique, was 4 µm as presented in Fig. 2.3 and Fig. 2.5. No sub-
micron domain periods were achieved. The depth of the domains was in the order
of microns as it can be seen in Fig. 2.5, which may offer a good enough overlap
with a mode of an optical waveguide. However, the multiple irradiations of the
same area results in an obstructive surface damage, as it can be seen in Fig. 2.4,
which limits the usefulness of this poling technique. Therefore, the reduction of
the surface damage is tackled in the following chapter.
Table 2.1: Checklist of advantages and limitations for the domain tailoring tech-
nique.
Goals Possible
Short domain periods (few µm) YES (4µm)
Sub-micron domains NO
Sufficient domain depth MAYBE
No surface damage NO
30
Chapter 3
UV laser induced domain
inversion on Cr coated LiNbO3
crystals
In Chapter 2 it was found that it is possible to tailor domains on non-polar
cuts of LiNbO3 by writing and partially erasing them. Although encouraging,
this technique has two drawbacks: a severe limitation of the domain depth to
only a few microns; and obstructive, thermally induced surface damage. This
chapter explores a modification of the poling technique of Chapter 2 by applying
a chromium (Cr) coating prior to the focused UV laser light irradiation with the
aim of reducting the surface damage. The bulk of this chapter is adapted from
the published journal paper [8].
3.1 Introduction
Since the depth of the laser direct written domains is related to the heat de-
posited at the surface by the UV laser light, the choice of UV intensity to use
for domain writing represents a trade-off between the achievable domain depth
and the degree of surface damage. Other domain engineering techniques, such
as titanium (Ti) in-diffusion, have been reported to achieve domain inversion on
cuts with an inclined polarisation axis [62, 63]. However, this high temperature
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process (∼1040°C) needs a carefully controlled environment and cannot be em-
ployed as a post-processing step. In order to circumvent the limiting trade-off
of the direct laser writing of domains and the in-diffusion by metals in a high
temperature environment, coating the crystals with a thin metallic layer before
UV irradiation seems to be a natural next step towards the fabrication of domain
patterns with reduced surface damage.
In this chapter, domain engineering of LiNbO3 by coating the crystal with
a thin metal layer (chromium) prior to UV laser-beam irradiation is reported.
The inverted domains on Y-, Z- and 128°YX-cut LiNbO3 have been analysed for
various intensities of UV laser light, thicknesses of the Cr-layer, and different pro-
cessing atmospheres, namely air and dry nitrogen. An analysis of the achieved
domain depth and quality is presented and the possible physical mechanisms
leading to the observed domain inversion behaviour are discussed.
3.2 Experimental Methods
The studies were performed with Y-, Z- and 128°YX-cut congruent LiNbO3 crys-
tals. The crystals were coated with 20, 40 or 60 nm of Cr thin films that
were deposited by e-beam evaporation. Control experiments were carried out
on 40 nm platinum coated and virgin LiNbO3 crystals to compare the perfor-
mance of domain writing of Cr coated crystals. UV irradiation for domain for-
mation was performed using a continuous wave, frequency- doubled argon ion
laser (λ = 244 nm). The laser beam was tightly focused with a fused silica lens
(focal length f = 40 mm) to a focal beam diameter of ∼7 µm. The irradiation
intensity was varied between 1.75×105 and 2.92×105 W/cm2. In order to enable
control of the atmosphere of the domain writing (ambient air or dry nitrogen), the
crystal was positioned within a closed chamber containing a fused silica window
through which light was focused onto the crystal. The chamber was mounted on
a three-axis computer-controlled translation stage. Laser tracks could be written
onto the crystals in any predefined direction (velocity: 0.1 mm/s).
The optical properties of the Cr coating and the LiNbO3 crystal with regard to
the UV illumination can be summarised as follows: the reflectivity of the Cr thin
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film is ∼40% [89], whereas uncoated LiNbO3 reflects only ∼28% of the incident
light [32]. The absorption length is ∼10 nm for Cr [89] and ∼30 nm for LiNbO3
[32].
The Cr coated samples were inspected for any visual surface modifications
before and after stripping off the Cr layer with a Cr etchant using an optical
microscope. In order to analyse the generated domains, the different samples
were diced and polished as follows: i) The Y-cut crystals were diced orthogonally
to the UV tracks and polished to optical grade; ii) The Z- and the 128°YX-cut
crystals were wedge polished at an angle of ∼6°, thereby stretching the depth
profile by a factor of ∼10. These two different approaches were used in order to
exploit the high etching rate differential on the Z-face of the crystal [80]. For the
visualisation of the domains generated by the UV irradiation, all crystals were
HF etched followed by SEM imaging. The stability of the UV written domains
was tested by a three hour heat treatment on a hot plate at various temperatures.
3.3 Experimental Results and Discussion
3.3.1 Optical inspection of the Cr-coated Z-cut LiNbO3
crystals irradiated with UV laser light
As a first experiment, the UV irradiated tracks of the Cr-coated crystals were
simply inspected using optical microscopy to assess any visible change in the
appearance of the Cr layer itself. We prepared a specific sample for this purpose
by irradiating an area of 2 × 2 mm2 by scanning 200 lines of 2 mm length with
a line spacing of 10 µm on a 40 nm Cr coated Z-cut LiNbO3 crystal (see inset in
Fig. 3.1(b)). The UV writing was performed with intensities of 1.75 × 105 and
2.92× 105 W/cm2 in ambient air and in dry nitrogen atmosphere.
The area of the UV-irradiated Cr layer could be easily distinguished from the
surrounding area since for all intensities used, it showed a rougher topography and
the Cr had turned from metallic to green. This colour change is more pronounced
under ambient conditions (air). After removing the Cr layer, we observed that
there was a change of colour of the UV irradiated areas of the crystal. As can
be seen in Fig. 3.1, the laser-irradiated area had darkened with respect to the
33
Chapter 3
(a) (b)
(c) (d)
1 mm
1.75 ×105 W/cm2 2.92 ×105 W/cm2 
am
bi
en
t a
ir
ni
tro
ge
n
Figure 3.1: Colour change of a Z-cut congruent LiNbO3 crystal after UV irradia-
tion with intensities of 1.75× 105 and 2.92× 105 W/cm2 in air and dry nitrogen
atmosphere (pictures taken after removal of the 40 nm Cr coating). The inset
shows the individual UV irradiated tracks. The crystal darkens most dramati-
cally, when high laser intensity is used in a nitrogen atmosphere.
surrounding area for all four cases. However, the strongest effect by far can be seen
for an intensity of 2.92 × 105 W/cm2 in conjunction with nitrogen atmosphere:
the LiNbO3 crystal became very dark.
The green colour of the Cr layer after UV-irradiation indicates oxidation of
the Cr to form Cr2O3 [90]. The formation of Cr2O3 can be described as follows:
Upon heating the Cr layer with the irradiating laser beam, Cr becomes reactive,
thus reacting with the oxygen from the ambient air atmosphere [91].
The colour change of crystal itself when using an intensity of 2.92×105 W/cm2
in nitrogen atmosphere, Fig. 3.1(d), was surprising, since it is drastically different
to the colour change of the crystal when using the same intensity in an ambient
atmosphere, Fig. 3.1(b). The dark colour of the crystal in Fig. 3.1(d) indicates
that oxygen diffused out of the crystal, leading to an oxygen deficiency at the
surface [92, 93]. The out-diffused oxygen most likely reacted with the hot Cr
layer, which acts as an oxygen sink, to form Cr2O3.
The whole process, which is proposed to explain the results in Fig. 3.1 is
illustrated in Fig. 3.2, where the upper row sketches the Cr oxidation process
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in ambient atmosphere whereas the lower row shows the process in dry nitrogen
atmosphere. In Fig. 3.2(b) the irradiated Cr reacts with the oxygen from the
atmosphere and the oxygen that becomes mobile from the LiNbO3 crystal to
form Cr2O3 on both of the Cr interfaces. The oxygen in the air is expected
to be more mobile than the oxygen in the LiNbO3 crystal, where oxygen out-
diffusion starts to take place at temperatures of 500-600°C [43, 93]. Therefore, the
Cr2O3 formation on the air-Cr interface should be faster than on the Cr-LiNbO3
interface. For higher UV light intensities this process is even accelerated, which
would result in a completely oxidised Cr layer as it is illustrated in Fig. 3.2(c). In
this the Cr layer is shown to be fully depleted and cannot incorporate any more
oxygen.
The dry nitrogen atmosphere in Fig. 3.2(d) does not contain any oxygen,
hence, irradiating the Cr coating in this atmosphere would only result in Cr2O3
formation on the Cr-LiNbO3 interface, as it is illustrated in Fig. 3.2(e). For
higher UV light intensities the complete oxidation of the Cr layer can therefore
be delayed because the only source of oxygen is LiNbO3. More oxygen would
diffuse out of the LiNbO3 crystal when higher intensities are used in a nitrogen
atmosphere, leading to a dark crystal colour as shown in Fig. 3.1(d). This process
will be limited either by full oxidation of the Cr layer or by the duration of the UV
irradiation. This suggests that it is possible to control the chemical reduction of
the LiNbO3 crystal by selecting an appropriate UV laser intensity and irradiating
the Cr layer in a nitrogen atmosphere.
3.3.2 Comparison of the domain formation in Cr coated
and uncoated Z-cut LiNbO3 crystals
To investigate the influence of the Cr coating on the domain inversion process, we
compared the domain formation on Cr coated and unreactive platinum coated
and uncoated LiNbO3 crystals. We therefore irradiated a 40 nm Cr coated, a
platinum (Pt) coated and an uncoated LiNbO3 crystal with UV laser intensities
of 2.14 × 105 and 2.73 × 105 W/cm2, respectively, in ambient air. In each case,
domain writing was performed on the + and -Z face of the crystal using a line
spacing of 30 µm between the individual tracks. Domain inversion was only
35
Chapter 3
(b)(a) (c)UV light
Air
LiNbO3
Cr
Air
O2
O2
Cr
LiNbO3
Cr2O3
Cr2O3
LiNbO3
Cr2O3
Air
(e)(d) (f)UV light
N2
LiNbO3
Cr
N2
O2
Cr
LiNbO3
Cr2O3
LiNbO3
Cr2O3
N2
O2
Cr
Intensity
Intensity
Figure 3.2: Illustration of the proposed Cr oxidation process in ambient atmo-
sphere (a) to (c) and dry nitrogen atmosphere (d) to (f). In ambient atmosphere
the Cr oxidises from both interfaces (b), which leads to a faster completely oxida-
tion, when higher UV light intensities are used (c). In dry nitrogen atmosphere
the Cr oxidises only from the Cr-LiNbO3 interface (e), hence the complete oxi-
dation of the Cr layer can be delayed at higher UV light intensities.
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observed on the -Z face of the Cr coated and uncoated crystals. The Pt coated
crystal did not show any evidence of domain inversion. The stability of the UV
written domains formed on the Cr coated samples was tested via heat treatment
at a temperature of 200°C on a hot plate for three hours and no change in the
inverted domains was observed.
The SEM images of the wedge-polished and HF etched crystals are presented
in Fig. 3.3, where a series of observations can be made: i) domain inversion
can be seen in both cases; ii) the inverted domain of the Cr coated sample in
Fig. 3.3(a) is roughly two times wider and deeper as compared to the uncoated
sample of Fig. 3.3(b); iii) there is reduced surface damage for the Cr coated
sample; iv) the shape of the domains differs with domains of the Cr coated sample
of Fig. 3.3(a) exhibiting a winged ‘Gaussian’ shape, whereas the domains of the
uncoated sample of Fig. 3.3(b) being rather conical; v) the domain of the uncoated
crystal of Fig. 3.3(b) shows narrow, crossing domain-inverted features with widths
of around 100 nm to both sides and below the domain’s center, which are absent
from the Cr coated crystal of Fig. 3.3(a).
An important observation is that domain inversion for direct writing on the
uncoated sample was only possible for UV-laser intensities > 2.73× 105 W/cm2
whereas on the Cr coated sample, domain formation was possible using 2.14 ×
105 W/cm2 or even lower laser light intensities as shown in Fig. 3.3(a).
These observations indicate that two different domain inversion mechanisms
are responsible for the domain generation in a Cr coated and uncoated LiNbO3
crystals. For the uncoated crystal, both the shape of the domains and the 100 nm
crossing domain-inverted features correspond to the earlier observations by Muir
et al. [85]. In this case, the thermoelectric field, induced by the temperature
gradient has been proposed as an explanation of the UV domain direct writing
[14, 94]. As for Cr coated crystals, domain formation seems easier than for the
uncoated crystals. Domains can be generated at lower UV laser intensities despite
the fact that the Cr coating should reflect more UV laser light than LiNbO3.
It is know that diffusion processes such as titanium (Ti) in-diffusion or lithium
out-diffusion can cause domain inversion [62–66]. These processes are usually per-
formed in a furnace at elevated temperatures (950-1100°C). It has been reported
that the concentration gradient of impurities and defects, which arises during the
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Figure 3.3: Illustration of the proposed Cr oxidation process in ambient atmo-
sphere (a) to (c) and dry nitrogen atmosphere (d) to (f). In ambient atmosphere
the Cr oxidises from both interfaces (b), which leads to a faster completely oxida-
tion, when higher UV light intensities are used (c). In dry nitrogen atmosphere
the Cr oxidises only from the Cr-LiNbO3 interface (e), hence the complete oxi-
dation of the Cr layer can be delayed at higher UV light intensities.
in-diffusion of metals (Ti) or out-diffusion of lithium, induces a built-in electric
field that inverts the polarisation of the crystal when exceeding the coercive field.
The domain formation usually takes place at the +Z face of the crystal. Kugel
et al. [64] suggested the domain formation when annealing an uncoated LiNbO3
crystal is due to the defect gradient when oxygen diffuses out. However, it has
been shown that the domain inversion depth resulting from out-diffusion in air
is deeper than that in an argon atmosphere [67]. This indicates that the domain
inversion is caused by another diffusion process. Therefore, Huang et al. [65]
attributed the domain formation due to the out-diffusion of lithium.
In Section 3.3.1 it is proposed that oxygen diffuses out of the surface of the
LiNbO3 crystal when the Cr coating is irradiated by UV laser light, indicated by
the darker colour of the UV irradiated area. However, the formation of oxygen
vacancies in LiNbO3 is an energetically unfavorable process [95], suggesting that
the octahedrons in the LiNbO3 structure remain stable against oxygen vacancies.
The oxygen deficiency can thus be compensated by the diffusion of cations from
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the surface into the crystal [95]. This would mean that when oxygen diffuses out
of the surface, a counter movement of lithium ions occurs, which diffuse into the
crystal. The temperature gradient can even enhance the lithium ion movement
into the crystal [96]. Since lithium out-diffusion causes domain inversion on the
+Z face, one would expect a reverse lithium out-diffusion to cause domain inver-
sion on the −Z face. This could explain the domain inversion on the −Z face
as it was found when irradiating a Cr coated LiNbO3 crystal with a focused UV
laser beam.
The competing heat-driven diffusion of Cr into the crystal’s surface is less
probable, since the temperature for this process to be efficient is about 400°C
higher (at temperatures of ∼950-1050°C [97]) than for the out-diffusion of oxy-
gen, which takes place at ∼500-600°C [43, 93] and the in-diffusion of lithium,
which becomes mobile at ∼400°C. Additionally, Cr reacts with oxygen at tem-
peratures similar to those at which oxygen becomes mobile in LiNbO3 [14, 85, 91].
The lower temperatures at which the oxygen and lithium ions are mobile can ex-
plain why the domain inversion process in Cr coated crystals occurs at lower
intensities as compared to the uncoated crystals, where crystal temperatures of
∼1100°C are necessary for domain formation and the domain inversion mecha-
nism was explained by an UV induced thermoelectric field [14, 94]. We estimated
the necessary temperature for domain inversion on Cr coated crystals upon UV
irradiation at ∼600-700°C, keeping the reflectivity of Cr and the UV intensity
in mind. Verification of this estimate should be attempted, but this is deemed
beyond the scope of the current work and will be attempted in a future investi-
gation. The lower temperatures, which are necessary for domain writing in Cr
coated crystals lead to the observed reduction or elimination of surface damage
caused by UV irradiation, compared to uncoated crystals.
The UV domain writing process on Cr coated crystals induces also a tem-
perature gradient in the crystal. This suggests that two sources of an induced
electric field are present in the crystal when irradiating the Cr layer with UV
light. Firstly, the thermoelectric field that originates from the temperature gra-
dient and secondly the defect gradient induced electric field that originates from
the out-diffusion of oxygen respectively the in-diffusion of lithium. One should
also keep in mind that the reduced LiNbO3 has a higher electrical conductivity
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[98], which makes a complete description of this domain inversion process even
more complex. However, the findings strongly suggest that the domain formation
on Cr coated crystals is due to a diffusion process, which is supported by the fact
that no domain inversion was observed, when a non-reactive metal layer (Pt)
was used. This can be further clarified by keeping the temperatures in mind,
which are necessary for different domain inversion mechanisms. In the case for
the domain inversion due to the thermoelectric effect, a temperature close to
the Curie temperature of the crystal (∼1100°C) and a high temperature gradient
(∼200°C/µm) are necessary [14]. Domain formation due to the pyroelectric ef-
fect only needs a crystal temperature of up to 200°C [41]. The temperatures for
diffusion processes (oxygen and lithium) on the other hand are closer to the esti-
mated crystal temperature upon UV irradiation, making the diffusion processes
favourable for causing domain inversion on Cr coated crystals. However, further
investigations are required in order to be conclusive.
3.3.3 Domain formation in Cr-coated Z-cut LiNbO3 crys-
tals using different coating thicknesses and laser in-
tensities under ambient conditions (air)
So far we know that UV laser irradiation of Z-cut LiNbO3 crystals, which have
been coated with a thin Cr film, can cause domain inversion. In this section the
influence of the Cr coating thickness and the UV laser intensity on the domain
formation is investigated. UV domain writing was performed in an ambient air
atmosphere on several Z-cut LiNbO3 crystals, coated with a Cr thickness of 20,
40 and 60 nm. The UV laser was scanned in linear tracks focused to achieve
intensities between 2.14× 105 and 2.44× 105 W/cm2. Fig. 3.4 presents the SEM
images of the domain shapes after wedge polishing and HF etching, written on
different thicknesses of the Cr coating and different UV laser intensities. From
Figs. 3.4(i)-(l), it is clear that using a 60 nm-thick Cr layer gives entire domains
under the UV irradiated track, irrespective of the intensity. Comparing the dif-
ferent intensities, it is evident that the domain width and depth increases with
higher UV light intensities. It can also be observed that a bright stripe emerges
at the surface of the domain center, when the intensity is increased. In the case of
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a thinner, 40 nm-thick Cr layer, a similar domain shape to the 60 nm Cr coating
can only be observed at the lowest intensity of 2.14 × 105 W/cm2, Fig. 3.4(e).
At an intensity of 2.24 × 105 W/cm2, shown in Fig. 3.4(f), a ‘hollow’ domain
can be observed, where hollow describes a domain with an un-inverted center
at the surface. At even higher intensities, as shown in Figs. 3.4(g) and (h), the
domain inversion is only observed at the edges of the irradiated tracks, with the
region directly under the track un-inverted. In the center of the inverted domain
in Figs. 3.4(g) and (h) a shallow domain inversion part can be observed. The
central shallow domain of Fig. 3.4(h) clearly exhibits domain-inverted features
with widths of around 100 nm similar to those evident in the domains written
on the uncoated samples in Fig. 3.3(b). For the 20 nm Cr coating, domains are
only evident on either side of the irradiated tracks. The depth of these edge do-
mains decreases and the spacing between the edge domains increases with higher
intensities. In Fig. 3.4(d), again domain-inverted features with widths of around
100 nm can be observed in the center of the stretched depth profile. Overall, the
variety of domains shapes using a thin Cr coating in an ambient air are complex
and somewhat surprising.
The unusual domain structures evident in Figs. 3.4(a) to (h) when a Z-cut
LiNbO3 crystal, coated with 20 or 40 nm thin Cr layer was UV irradiated in
an ambient atmosphere warrant further discussion. To guide this discussion, we
attempt to identify the physical differences that would be expected for different
Cr coating thicknesses.
First, the reflectivity of the Cr layer is assumed to be identical for the three
coatings, and thus the heat deposition inside the crystal can likewise be assumed
to be similar. The higher thermal conductivity of a thicker Cr coating is ne-
glected. Second, the reduction of the crystal should depend on the Cr layer
thickness. Under ambient conditions (air), oxidation of the Cr layer takes place
with oxygen diffusing from both the air-Cr interface and the Cr-LiNbO3 interface,
see also Fig. 3.2(b). This means that the thinner the Cr layer, the faster the Cr
layer is saturated with oxygen from the surrounding atmosphere and therefore
the crystal undergoes less reduction with a thin Cr layer than for a thicker Cr
layer. As a consequence, the degree of reduction of the crystal becomes larger for
thicker Cr layers at higher intensities. Third, when the Cr layer at the surface is
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Figure 3.4: SEM images of UV written domains in air atmosphere for Cr coating
thicknesses of 20 nm to 60 nm and laser irradiation intensities of 2.14 × 105 to
2.44× 105 W/cm2 on Z-cut crystals. For 20 nm Cr coatings, poling occurs at the
low intensity region of the laser beam only, yielding edge domains. For 40 nm-
thick Cr coatings, the transition from entire to edge domains via a hollow domain
is observed. For 60 nm-thick Cr coatings, entire domains are generated for all
intensities.
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completely oxidised, the driving force of the oxygen out-diffusion ceases and the
domain inversion process caused by this process also ceases. Finally, the UV light
intensity entering the crystal directly depends on the Cr layer thickness. The ab-
sorption length of Cr2O3 is estimated to be 30 times larger compared to a Cr
layer (extrapolating the data from [90]). Therefore, more UV photons enter the
LiNbO3 crystal when the Cr layer is completely oxidised. This oxidation occurs
more quickly for thinner Cr layers according to the above-mentioned argument.
The photon energy of the UV photons (5.1 eV) is greater than the band gap of
LiNbO3 (∼4 eV) and therefore electron-hole pairs are excited. Although most of
the electron-hole pairs directly recombine and release their energy as heat, some
might survive and drift under the influence of an internal electric field into the
crystal. As a consequence, depending on both, the Cr layer thickness and the
laser intensity, free charge carriers are generated within the top surface of the
crystal.
The results from Fig. 3.4 together with the considerations above leads us
to propose the following explanation for the domain inversion process for Cr
coated LiNbO3 crystals in an ambient air atmosphere: The whole Cr layer is
oxidised faster for thinner Cr coatings and higher laser intensities. Therefore,
the larger absorption length of the generated Cr2O3 layer allows UV light to
enter the crystal in these cases, where UV photo-induced electron-hole pairs are
excited. The electrons will be highly mobile, whereas the positive ions will be
less mobile. The region in which these electron-hole pairs are generated will
follow approximately a Gaussian function laterally, corresponding to the profile
of the incident UV beam that generates them. The electrons and holes will
drift as a result of the Coulomb interaction along the diffusion gradient-based
electric field and will therefore reduce this field. Additionally, the driving force
of the oxygen out-diffusion is depleted, reducing the lithium in-diffusion and
the diffusion-based electric field even more. The interplay between the diffusion
gradient based electric field and the UV induced free charge carriers, which hinder
the poling, therefore defines the resulting domain shape. If the Cr layer is not
completely oxidised, UV light will not reach the crystal surface and no free charge
carriers will be generated. The electric field which is based on the diffusion
gradient will simply be the inverse of the oxygen reduced area, which would lead
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to a nicely formed domain as it is illustrated in Fig. 3.5(a) and was observed
in Fig.3.4(e). If the Cr layer is strongly oxidised, some UV light can enter the
crystal and a small amount of free charge carriers would be generated. The
number of charge carriers would only be sufficient to reduce the diffusion gradient-
based electric field at the very surface. Therefore a ‘hollow’ domain emerges,
corresponding to the illustration in Fig. 3.5(b) and the experimental observations
in Fig. 3.4(f). If the Cr layer is completely oxidised even more UV light enters the
crystal and a large amount of mobile charge carriers is generated which can drift
deeper into the crystal, additionally the diffusion-based electric field is ceased due
to the depletion of the oxygen sink at the surface. The charge carriers reduce
the diffusion gradient-based electric field even more and domain inversion at the
center is no longer possible. However, since the UV beam diameter is only 7 µm
and the inverted domain width is ∼10-12 µm (see Fig. 3.4), domain inversion
still takes place in the area just outside the region that is directly illuminated
with UV light. This is illustrated in Fig. 3.5(c) and experimentally confirmed in
Figs 3.4(g) and 3.4(h).
The very shallow domain-inverted region evident just beneath the illuminated
region in Figs. 3.4(a)-(d), (g) and (h) could be generated by a similar process like
the standard UV domain writing on uncoated crystals, since, as is evident from
Figs. 3.4(d) and (h) crossing domain-inverted features with widths of around
100 nm are observed, which are similar to those observed on the uncoated crystal
in Fig. 3.3(b). The white stripes, which can be observed at the center of the
irradiated tracks, could be a compound formed from oxidised Cr or an alloy
formed by the Cr oxide and the melted LiNbO3 at the peak of the intensity
distribution, which was not stripped off by the Cr etchant.
3.3.4 Domain formation in 40 nm-thick Cr-coated Z-cut
LiNbO3 crystals for different laser intensities in ni-
trogen atmosphere
In Section 3.3.3 it has been shown that the oxidation state of the Cr coating
is critical for the generated domain shape. This suggests that a Cr layer that
is only partially oxidised is necessary to achieve ‘Gaussian’ shaped domains. In
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Figure 3.5: Illustration of the interplay of the diffusion gradient based electric
field and the poling hindering UV induced electrons. In (a) the Cr layer is not
completely oxidised, hence no UV induced free charge carriers are generated in
the crystal and the oxygen reduced crystal is domain inverted - corresponds to
Fig. 3.4(e). In (b) the UV intensity is increased, therefore more of the Cr layer is
oxidised, which leads to some UV photons entering the crystal. The UV photons
induce free charge carriers, which reduce the diffusion gradient-based electric field.
This leads to a non-inverted part at the center of the very surface, resulting in a
‘hollow’ domain - corresponds to Fig. 3.4(f). In (c) the UV intensity is further
increased, which results in a ‘completely’ oxidised Cr layer. Therefore even more
free charge carriers are generated in the crystal, which drift under the influence of
the diffusion-based electric field deeper into the crystal, resulting in edge domains
- corresponds to Fig. 3.4(g).
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Figure 3.6: SEM images of the UV-written domains on a 40 nm Cr coated Z-cut
LiNbO3 crystal in a nitrogen atmosphere for different laser intensities. The white
dotted line indicates the edge from the wedge polishing.
Section 3.3.1 it was argued that using a nitrogen atmosphere restricts the source
of oxygen to just LiNbO3, which should help to achieve full, solid domains also
with thinner Cr coatings.
In order to test this hypothesis, a set of laser tracks with intensities between
2.14×105 and 2.44×105 W/cm2 were written on 40 nm Cr coated Z-cut LiNbO3
crystal within dry nitrogen atmosphere. The laser tracks were written with a line
spacing of 30 µm. In accordance with the results shown in Fig. 3.1, the laser-
irradiated tracks could be easily observed by the naked eye, as they appeared as
dark stripes. Fig. 3.6 presents SEM images of the UV written domains after wedge
polishing and HF etching. As expected, the dry nitrogen atmosphere enables the
formation of full, solid domains, with no evidence of hollowing. Similar results
where also found for a Cr coating thickness of 20 nm only.
3.3.5 UV direct domain writing on a Cr-coated Y-cut
LiNbO3 crystal
In Section 3.3.2 it was shown that it is possible to invert domains for both un-
coated and a Cr coated Z-cut LiNbO3 crystals and it was concluded that the
domain inversion mechanism in the two cases were due to two different phys-
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ical processes. The domain inversion mechanism in the Cr coated crystal has
the advantage of reduced surface damage when compared to the uncoated crys-
tal. In the introduction it was mentioned that the UV direct writing process
on uncoated crystals was able to generate domains on cuts with non-polar faces.
Therefore, it would be advantageous to investigate whether the application of UV
irradiation to the non-polar faces of Cr coated crystals will also result in domain
inversion. An experiment was performed irradiating a 40 nm Cr coated Y-cut
crystal in a nitrogen atmosphere with UV laser light intensity of 2.14 × 105 to
2.44× 105 W/cm2. The irradiation was performed with the focused UV spot be-
ing traced along the crystal surface in alternating directions. In accordance with
the results shown in Fig. 3.1, the laser-irradiated tracks could be easily observed,
as they appeared darker than the not irradiated crystal. Fig. 3.7 presents SEM
images of the cross-sections of the UV direct-written domains, after HF etching.
It should be noted that these have not been wedge-polished as it was the case
in Fig. 3.4, because the crystal Z-axis, which exhibits domain selective etching
is already normal to the plane of the cross-section for this crystal cut. Fig. 3.7
shows that domain inversion has taken place and that the width and depth of
the inverted domain increased with increasing intensities. Furthermore, it can be
observed that for lower intensities, Fig. 3.7(a), the edge of the inverted domain
is not well defined, but when higher intensities were used, Figs. 3.7(b) to (d),
this definition becomes stronger. Evidently, the domain inversion mechanism of
oxygen out-diffusion by using a Cr coating offers similar flexibility to UV direct
domain writing on uncoated LiNbO3 crystals.
In our previous studies of UV domain engineering on X- and Y-cut LiNbO3, it
was found that the domain formation depended strongly on the direction in which
the UV spot was scanned [14]. We scanned the UV laser beam (2.73×105 W/cm2)
along the + and −z direction on a 40 nm Cr coated and an uncoated Y-cut crystal
to test if also on Cr coated crystals such a dependence of domain formation on the
scanning direction can be observed. Fig. 3.8 presents the HF etched cross sections
of the different scanning directions for a Cr coated and an uncoated crystal.
On the Cr coated crystal no dependence of domain formation on the scanning
direction of the UV laser beam can be observed, whereas for the uncoated crystal
it is only possible to write a domain when the scanning direction is along the
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Figure 3.7: (a) to (d) present the HF etched cross-sections of UV direct written
domains on a 40 nm Cr coated Y-cut LiNbO3 crystal with an UV laser light inten-
sity of 2.14× 105 to 2.44× 105 W/cm2, respectively. The writing was performed
in a nitrogen atmosphere.
−z direction. In Fig. 3.8(c) an inverted domain line can be seen directly under
the UV written domain. The domain line was present occasionally at different
depths, if a Cr coating was used. However, the exact conditions under which this
domain line could be expected have not yet been identified. The fact that the
domain formation does not depend on the scanning direction supports further
more that the domain inversion mechanism is caused by a diffusion process, due
to the isotropy of the diffusion.
3.3.6 Direct domain writing on Cr-coated 128°YX-cut
LiNbO3
Up to now it has been shown that domain inversion is achieved by coating Z-
and Y-cut LiNbO3 crystals with a thin Cr coating and irradiating tracks with a
focused UV laser beam in a nitrogen atmosphere. The domain inversion mech-
anism has been attributed to a process that is triggered by the out-diffusion of
oxygen, which reduces the crystal and results in a dark colour of the UV-irradiated
tracks. However, this dark colour makes the domain engineering mechanism by
oxygen out-diffusion less attractive for optical applications in the visible wave-
length regime due to the high optical absorption. However, for SAW devices, the
optical properties of the inverted domains are not critical and the similar SAW
properties should be expected for reduced and non-reduced LiNbO3 [99, 100]. The
preferred crystal cut for SAW applications in the field of microfluidics is 128°YX-
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Figure 3.8: HF etched cross-sections of UV direct written domains on an uncoated
and a 40 nm Cr coated Y-cut LiNbO3 crystal with an UV laser light intensity of
2.73× 105 W/cm2, where the scanning direction was along the −z (a and c) and
+z direction (b and d). No dependence of the scanning direction can be observed
for Cr coated crystals, whereas for the uncoated crystal it is only possible to write
a domain when the scanning direction is along the −z direction.
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10 µm
Figure 3.9: Periodically poled 128°YX-cut LiNbO3 crystal by scanning the UV
laser light across the surface with a spacing of 21 µm between the scan lines.
cut LiNbO3 [101]. Thus it would be of interest to explore the effectiveness of the
domain inversion process on this cut.
Direct domain writing was performed on a 128°YX-cut LiNbO3 crystal, which
was coated with a 40 nm Cr layer. The domain writing was performed in a dry
nitrogen atmosphere, with an intensity of 2.53 × 105 W/cm2 and a spacing of
21 µm between the scan lines. Fig. 3.9 presents an SEM image of the periodically
poled and wedge polished 128°YX-cut LiNbO3 crystal. Slight surface damage
can be observed at the center of the written domains. The domain depth profile
is similar to that observed for Z-cut crystals (Fig. 3.6). This shows that the
UV direct writing with a Cr coating is also possible for LiNbO3 crystals with
an inclined polarisation axis such as 128°YX-cut LiNbO3. This demonstration
represents an important new technology for the creation of acoustic superlattice
structures [6] and an initial demonstration of the capabilities of this technique
can be found in Yudistira et al. [11].
The fact that the inverted domains have no apparent dependence on the crys-
tal orientation further supports the theory that the domain inversion mechanism
is diffusion based.
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3.4 Summary and Conclusions
It was shown that localised UV irradiation of a LiNbO3 crystal, which is coated
with a thin film of Cr, results in localised domain inversion of the crystal. Evi-
dence has been presented which suggests that the reactive metal coating (Cr) on
the surface oxidises at elevated temperatures and acts as an oxygen sink, draw-
ing oxygen out of the crystal and reducing the crystal in the region beneath it.
We have also shown that this domain inversion mechanism induces less thermal
damage at the surface, compared to the standard UV domain writing process on
uncoated LiNbO3 crystals. Additionally, it was found that this domain inversion
mechanism works also at higher UV laser light intensities (2.44× 105 W/cm2), if
the UV writing is performed in a nitrogen atmosphere or when thicker Cr coatings
are used. Finally, a proof of principle for the technologically interesting non-polar
crystal cuts, namely Y-cut and 128°YX-cut LiNbO3 for potential SAW applica-
tions was presented. While a convincing demonstration of this technique has been
presented and significant insight into this phenomenon has been gained, further
investigation must be conducted in order to be conclusive about the underpinning
physical phenomena that cause this behaviour.
3.5 Assessment in the context of the overarch-
ing thesis
Table 3.1 highlights the potential of the domain engineering technique of combin-
ing laser irradiation with a diffusion process, which was presented in this chapter.
The narrowest domain width, which was achieved with this poling technique, was
∼10 µm as presented in Fig. 3.4, which would lead to a domain period of ∼20 µm
when assuming a duty cycle of 0.5. No sub-micron domain periods were achieved.
The depth of the domains was in the order of 2-3 µm as it can be seen in Fig. 3.6,
which may offer a good enough overlap with a mode of an optical waveguide. The
surface damage was significantly reduced by the introduced combination of diffu-
sion and direct laser write domain engineering technique. However, this diffusion
based domain engieering method leads to a darkening in colour of the inverted
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domain (Fig. 3.1), which makes it less attractive for optical applications, which
is why this point was added as a goal to Table 3.1. The limited depth and the
darkening in colour may limit the usefulness of this domain engineering method,
which is why these two points will be addressed in the following chapter.
Table 3.1: Checklist of advantages and limitations for the domain engineering
technique of combining laser irradiation with a diffusion process (Cr coating).
Goals Possible
Short domain periods (few µm) NO
Sub-micron domains NO
Sufficient domain depth MAYBE
No surface damage YES
No darkening in colour of inverted domains NO
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UV laser-induced poling
inhibition produces bulk domains
in MgO-doped LiNbO3 crystals
In Chapter 4 it was shown that it is possible to generate domains with reduced
surface damage, when a diffusion process is combined with the direct laser writ-
ing approach. However, the inverted domains experienced a darking in colour,
which may limit their usefulness for optical applications. Also, the inverted do-
mains were relatively shallow. This chapter explores whether the surface domains
achieved in Chapter 3, could be used as a type of ‘mask’ for a subsequent electric
field poling step, which would drive the surface domain pattern deeper into the
crystal. If this can be achieved, then sufficient depth for nonlinear optical func-
tionality may be achievable from domains created using UV direct write. The
core of this chapter is adapted from the published journal paper [9].
4.1 Introduction
Recently, it has been shown that a two-step voltage application during UV illu-
mination can produce good quality bulk domain patterns in MgO-doped LiNbO3
with a period of 19 µm [102, 103]. This technique first generates surface domains
by applying an electric field, which is smaller than the coercive field Ec while
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simultaneously illuminating the crystal with weakly absorbed UV light. The
weakly absorbed UV light reduces the Ec [72], therefore allowing the nucleation
of surface domains. By applying a second EFP step without UV light illumina-
tion, the surface domains behave as a template, and bulk domains are created.
The major drawback of using this technique for realising small domains is the
need to simultaneously irradiate the crystal with UV light during EFP. Espe-
cially, as the experimental setup required for EFP can potentially limit the focal
spot size of the UV laser light on the crystal surface and thus affecting the attain-
able minimum period lengths of the domain pattern. Separating the two steps
(UV illumination and electric field application) could overcome this limitation.
This chapter reports on the fabrication of bulk domain structures in MgO-
doped LiNbO3, which are pre-defined by a spatial modulation of the lithium (Li)
concentration induced by strongly absorbed UV laser light irradiation. The bulk
domain distribution is subsequently produced by an even number of EFP steps.
In this way, the laser irradiation and EFP steps can be separated removing the
restrictions imposed in Refs. [102] and [103]. The fabrication of periodic bulk
domain structures with a period as short as 3 µm is reported.
4.2 Experimental Methods
The methodology for generating and visualising the domains is presented be-
low. In our experiments, 500-µm-thick 5mol. % of MgO doped Z-cut congruent
LiNbO3 crystals (MgCLN) was used, which were provided by ‘Yamaju Ceram-
ics co. Ltd.’. Focused UV laser light from a frequency doubled argon ion laser
(λ = 244 nm) was scanned along the crystallographic Y direction on the +Z-face
of the crystal. The laser beam was focused using a fused silica lens (f = 40 mm)
to a focal beam diameter of ∼6 µm and an intensity of 3×105 W/cm2. The laser
beam was scanned to irradiate linear track sections with a period of 18.8 µm at
a velocity of 0.5 mm/s.
Local irradiation of the +Z-face with strongly absorbed UV laser light results
in a Li deficiency enabling surface domain formation via poling inhibition (PI)
during a subsequent EFP step [95, 104]. For the EFP process, a setup similar to
the one introduced by Sones et al. [72] was used, which allowed us to visualise the
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domain growth during the poling process. The voltage applied to the crystal was
ramped up at a rate of 5 V/(mm·s) until a non-ohmic behaviour of the measured
current was observed indicating domain reversal [105]. After the completion of the
poling process, the applied voltage was ramped down at a rate of 100 V/(mm·s).
To avoid unintended domain inversion on specific parts of the crystal, areas of
the crystal surface were covered with Kapton tape after each poling step. This
step of process allowed us to study the domain formation after each poling step,
namely, after the first forward poling, after the first reverse poling (completing
the first poling cycle), after the second forward poling and after the second reverse
poling (completing the second poling cycle). The resulting domain patterns were
investigated using scanning electron microscopy (SEM) and optical microscopy
imaging after domain selective etching of the polished crystal cross-sections (Y-
face) using hydrofluoric acid (HF).
An investigation to explore the smallest achievable domain period with this
method was also conducted. For this purpose, a fused silica lens with a shorter
focal length (f = 10 mm) was used to achieve a focal beam diameter of ∼2 µm.
The focused laser beam was then scanned in periodic track patterns (similar to
above) with periods of 4 µm and 3 µm at a velocity of 0.5 mm/s. As previously
described, the same methodology was adopted for the generation and visualisation
of domains.
The quality and thermal stability (at working temperatures) of the periodic
domain structure after the application of two poling cycles was investigated by
performing a nonlinear optical second harmonic generation (SHG) experiment.
A beam from a tunable infrared laser was focused into a heated, periodically
poled crystal (L = 9.4 mm, Λ = 18.8 µm) and the SHG power was detected as a
function of the fundamental wavelength. The SHG power was monitored over a
time period of 2 h at crystal temperatures of 100, 150, 200, and 260°C to provide
an in-situ measure of the thermal stability of the domains.
4.3 Experimental Results and Discussion
The results of the UV irradiation and subsequent EFP are shown in Fig. 4.1.
Fig. 4.1(a) shows the SEM image of the crystal after the first forward poling
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Figure 4.1: SEM images of the sample cross-sections after being treated with HF,
taken after (a) forward poling and (b) reverse poling of the crystal.
step, where a surface domain can be recognised from the ridge that is formed
on the Z-face of the crystal and the differentially etched pattern of the Y-face
cross-section. This shows that the polarisation of the whole crystal is reversed
except a shallow area underneath the UV-irradiated track, which maintains the
original polarisation of the crystal (PI domain). The Y-face cross-section also
reveals that the tail-to-tail boundary of the PI domain is very irregular (spiky).
The measured width of the surface domain is ∼5 µm, which is comparable to
the focal diameter of the irradiating UV-laser beam. The measured depth of the
PI domain is ∼1.5 µm. Higher UV laser light intensities were found to generate
both, wider and deeper PI domains, which corresponds to the findings in Refs.
[74] and [73]. After a subsequent reverse poling step, the volume underneath the
PI domain maintains its polarisation while domain reversal occurs everywhere
else as shown in Fig. 4.1(b). As a result, a well-defined bulk domain is formed
below the PI domain. From the visualisation of the domain growth during reverse
poling it was observed observed that the domain nucleation started within the
UV irradiated area.
The domain depth is qualitatively analysed on the cross-section using optical
microscope imaging after HF treatment. The images of the sample taken after
the first and the second poling cycle are shown in Figs. 4.2(a) and (b), respec-
tively. The needle-like periodic structures in Fig. 4.2 correspond to the UV laser
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Figure 4.2: Optical microscope images of the HF-etched cross-sections of the
crystal after (a) the first poling cycle and (b) the second poling cycle. The
periodic, needle like structure are the inverted domains (correspond to the bulk
domain in Fig. 4.1(b), which start at the +Z face and become thinner as they
grow in depth. The domain depth uniformity improves after the second poling
cycle.
irradiation as shown previously in Fig. 4.1(b). It is found that the domain width
becomes narrower as the crystal depth is increased and they do not terminate the
opposite −Z-face of the crystal, which is unlike the poling process with standard
EFP. As shown in Fig. 4.2(a), it is also found that after the first poling cycle, the
depth of the individual domains varies dramatically and their alignment does not
nicely follow the crystallographic Z-axis. This however is improved after apply-
ing the second poling cycle, as shown in Fig. 4.2(b). Much deeper domains are
achieved, which, in addition, are now more uniformly aligned along the Z-axis.
The improvement of the domain uniformity in depth and parallelism after the
second poling cycle can be attributed to a smoother and more regular domain
wall motion, achieved when poling the crystal multiple times [106]. However, it
was observed that applying further poling cycles did not improve the quality of
the domain in terms of the domain depth. The importance of the domain wall
motion can be further supported by fact that this domain engineering method
was not suitable for congruent LiNbO3, where the domain wall motion is faster
compared to MgO-doped LiNbO3 [56].
In Figs. 4.3(a) and (b), shows fabricated samples with smaller domain periods,
namely, 4 µm and 3 µm, achieved using a lens with shorter focal length. It can
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Figure 4.3: SEM images of the HF-etched cross-sections for a scanning period of
(a) 4 µm and (b) 3 µm.
be seen that the domain periods match nicely with the scanning periods of the
beam and that the left domain in Fig. 4.3(a) is smaller than the other domains
in the SEM images. These results demonstrate that the present technique is
also applicable to obtain short poling periods. However, good uniformity of the
periodic domain structure over large areas was found to be difficult to achieve,
which requires further investigation. A smoother and slower domain wall motion,
which could be beneficial for reaching this goal, might be achievable by using
higher crystal temperatures during EFP [107] or by conditioning the crystal by
subjecting it to repetitive poling cycles prior to UV irradiation and the final
poling steps [74, 106].
The measured SHG power as a function of the fundamental pump wavelength
for a crystal temperature of 100, 150, 200, and 260°C is shown in Fig. 4.4. The
SHG powers follow approximately a sinc-function, which is an indication of over-
all good domain uniformity. The maximum of the curves are at wavelengths of
1537.95, 1545.55, 1553.95, and 1565.8 nm for the corresponding crystal temper-
atures. The theoretical prediction for the temperatures that correspond to the
measured maxima of the sinc-curves are 99, 151, 203 and 268°C, when using
the temperature dependent Sellmeier equation from Ref. [108], which is in good
agreement with the chosen temperatures. The spectral bandwidth of the curves
is ∼1.25 nm, which is close to the expected theoretical spectral bandwidth of
∼1.2 nm. The difference in the spectral bandwidth may be due to the variations
in the duty cycle or the variations of the domain width itself [109]. The graph
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Figure 4.4: Normalised SHG power as a function of the fundamental wavelength
for a temperature of 100, 150, 200, and 260°C.
also shows that the sinc-functions are not symmetrical, which is most apparent
from the side-lobes. This may originate from a variation of the temperature pro-
file along the sample. The monitored SHG power did not diminish over a time
period of 2 h for all the temperatures, indicating that the domains are stable
in this temperature range, which makes these poling patterns suitable for high
power applications.
A phenomenological model that describes the formation mechanism of the
bulk domains that have been observed in the experiments is schematically illus-
trated in Fig. 4.5. The wavelength of the focused UV laser light is 244 nm, which
is well below the band edge of CLN, (around 350 nm [32]). Thus, the UV light
is strongly absorbed, propagating only tens of nanometers into the surface of the
MgCLN crystal before being dissipated [32], creating a localised heat profile with
temperatures up to ∼1000°C [73] (Fig. 4.5(a)). The Li ions are mobile at this
temperature and diffuse into the adjacent cooler part of the crystal [95], resulting
in Li deficient region below the irradiated tracks and a Li enriched region around
it (Fig. 4.5(b)). As the coercive field Ec depends on the Li concentration of the
crystal [95], it can be expected that the Ec would increase in the Li deficient
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region, while a decreased Ec is expected at the Li enriched region (Fig. 4.5(c)).
When the forward poling step is applied (Fig. 4.5(d)), domains nucleate prefer-
entially at the surface of the Li enriched regions next to the UV-irradiated tracks
due to the reduced Ec [95] (Fig. 4.5(e)). Under the influence of the applied field,
the nucleated domains grow into the depth of the crystal while spreading later-
ally to merge with the adjacent nucleated domains. However, the Li deficient
area at the surface is poling inhibited (due to the increased Ec), and thus the
domain inversion will not spread into these Li deficient regions, resulting in a
surface domain remaining just beneath the UV irradiated region at the end of
the EFP step. This is illustrated schematically in Fig. 4.5(f) and corresponds to
the observations in Fig. 4.1(a).
When the reverse poling step is applied (illustrated in Fig. 4.5(g)), the do-
mains nucleate again at the Li enriched area next to the irradiated UV tracks
(Fig. 4.5(h)), spreading laterally and merging with its adjacent nucleated do-
mains. However, directly underneath the poling inhibited regions, the crystal
polarisation does not invert, as was experimentally found (Figs. 4.1(b) and 4.2)
and illustrated in Fig. 4.5(i). This poling behaviour can be explained by con-
sidering the surface domains acting as local electrical insulating barriers (similar
to the properties of photoresist in standard EFP). The insulating nature of the
surface domains is given, because they are already oriented along the applied
electric field, therefore the internal polarisation switching current cannot reach
the crystal surfaces and be compensated by an external current. This is similar
to the observation that a uniform surface domain layer, which is formed when
fabricating titanium in-diffused waveguides on Z-cut LiNbO3, can prevent electric
field poling of the crystal [110, 111]. Furthermore, the peaks of the spiky shaped
domain boundary might be pinned by defects in the Li deficient area and there-
fore they are even more resistive to domain inversion. Since the surface domains
act as insulating barriers and the top domain wall is pinned in the Li deficient
area of the PI domain, the polarisation of the crystal below the surface domains
prefers to have the same polarisation orientation as the pinned domain wall and
therefore generating the observed bulk domain, which propagates in a manner
that is consistent with normal EFP.
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Figure 4.5: Schematic illustration of the proposed domain inversion process for
generating bulk domains that were defined by UV laser light irradiation. The
focused UV light is strongly absorbed at the crystal surface, generating a local
heat profile (a), which causes Li diffusion into the colder adjacent crystal (b).
The Ec depends on the Li concentration (c). When a forward poling step is
applied (d), the domains prefer to nucleate at the Li enriched region next to
the UV-irradiated track (e). The Li deficient region on the other hand is poling
inhibited, resulting in a surface domain when the poling step is completed (f).
When applying the reverse poling step (g), again the domains prefer to nucleate
at the Li enriched region (h). However, this time the area below the PI domain
maintains its polarisation, forming a bulk domain (i).
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4.4 Summary and Conclusions
In summary, a method for the production of bulk domains based on the UV
laser pre-irradiation of the +Z surface of MgCLN crystals followed by a sequence
of EFP steps has been presented. This method does not require simultaneous
irradiation and application of an electric field, thus enabling the fabrication of fine
periodic domain structures with periods as short as 3 µm. A model is proposed
suggesting that the bulk domains are generated because the PI surface domains,
which are produced in the first poling step, act as electrical insulating barriers
in subsequent poling steps. It was also determined that the uniformity in depth
and parallelism of the bulk domains improved after a second full poling cycle.
Although the top domain wall of the bulk domains might be pinned at defect
sites, which may be influenced by elevated crystal temperatures, it was found
that the bulk domains are stable at elevated temperatures while the good overall
quality of the bulk domain distribution was verified by SHG experiments.
4.5 Assessment in the context of the overarch-
ing thesis
Table 4.1 highlights the potential of the domain engineering technique of poling
inhibition in MgO-doped LiNbO3 crystals for the generation of bulk domains,
which was presented in this chapter. The shortest domain period, which was
achieved with this poling technique, was 3 µm as presented in Fig. 4.3. No sub-
micron domain periods were achieved. The depth of the domains was in the order
of 400 µm as can be seen in Fig. 4.2, which is deep enough for most photonic and
phononic application. No surface damage or darkening of colour was observed
with this domain engineering method. Most of the requirements in Table 4.1 were
meet except of sub-micron domain periods, which will be addressed in the next
chapter.
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Table 4.1: Checklist of advantages and limitations for the poling inhibition in
MgO-doped LiNbO3 crystals for the generation of bulk domains.
Goals Possible
Short domain periods (few µm) YES (3 µm)
Sub-micron domains NO
Sufficient domain depth YES
No surface damage YES
No darkening in colour of inverted domains YES
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Precise, reproducible
nano-domain engineering in
LiNbO3 crystals
In Chapter 4 it was shown that the UV direct domain write techniques could be
used to achieve surface domains with few micron precision. The domains could be
achieved without surface damage and subsequent electric field poling could drive
the domains deep into the crystal, such that nonlinear optical functionality could
be achieved. This met almost all of the requirements set out in the introduction
of this theses, with the only missing requirement of the investigated domain en-
gineering method is the ability to realise sub-micron domains in LiNbO3 crystals.
This requirement is addressed in this chapter, which explores whether patterning
a Cr layer with sub-micron patterns prior to irradiation can be used to achieve
high resolution surface domains. The core of this chapter is adapted from the
published journal paper [10].
5.1 Introduction
The domain engineering technique in Chapter 3 showed progress in suppressing
the direct laser writing induced surface damage by combining UV direct writing
with a diffusion process that takes place at a lower temperature in which the
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diffusion process is activated by coating the surface of the crystal with a thin
chromium (Cr) layer prior to the UV irradiation [8]. The Cr layer partially
absorbs the UV laser light and locally heats up the crystal. This results in a
diffusion process in which the Cr acts as an oxygen sink when reacting with
the LiNbO3 oxygen ions, thus forming Cr2O3 [8]. The generated defect gradient
induces an electric field, which can invert the crystal polarisation when exceeding
the coercive field [8, 64]. Although this domain engineering technique offers the
flexibility to direct write domains with suppressed surface damage, the domain
width was found to be wider than the focal beam diameter [8], therefore limiting
the smallest achievable domain size.
In this chapter the use of patterned Cr on the surface of LiNbO3 and visible
(λ = 532 nm) laser light irradiation for generating surface domain patterns with
sub-micron domain periods is reported. The features patterned into the Cr range
in size, down to 100 nm — significantly smaller than the 532 nm wavelength in
order to illustrate the significant improvement in resolution that can be achieved
using this technique. The resulting nano-domain patterns are revealed by HF
etching to demonstrate its existence. The green laser light is only partially ab-
sorbed at the Cr coated areas (reflectivity R = 0.55) [89], whereas at the uncoated
areas it is either reflected or transmitted (undoped LiNbO3 is transparent in the
visible spectral range). As a result diffusion-based domain engineering takes place
at the Cr coated areas only with minimal heating occurring in regions that are
un-coated.
5.2 Experimental Methods
For the experiments Z-cut congruent LiNbO3 crystals supplied by ’Gooch &
Housego’ are used. Fig. 5.1 illustrates the fabrication steps to achieve surface
nano-domains. First, a nanostructured Cr film is defined on the -Z face of the
LiNbO3 crystal by coating the surface with an electron beam lithography (EBL)
resist (PMMA) as shown in Fig. 5.1(b). The EBL resist was coated with a thin
metal layer to reduce charging of the non-conductive LiNbO3 during the EBL
process. The desired pattern is then transferred onto the EBL resist by scanning
an electron beam across the surface (Fig. 5.1(c), here a 1D line pattern). The
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EBL resist is developed to remove the exposed areas as illustrated in Fig 5.1(d).
The crystal is then coated with a 30 nm thin layer of Cr (Fig. 5.1(e)) by the
means of e-beam evaporation. Cr was chosen because the coating layer has to
be reactive at elevated temperatures at which the oxygen ions become mobile in
LiNbO3 as well as having a reasonable absorption at the laser irradiation wave-
length. The last step, which defines the Cr pattern, is a lift-off process that
removes the PMMA and leaves the desired pattern of Cr that is in contact with
the surface of the crystal (Fig. 5.1(f)).
Nano-domains are generated by scanning a focused green laser beam from a
Verdi G-series laser (’Coherent’, λ = 532 nm) across the Cr pattern (Fig. 5.1(g))
with a velocity of 0.5 mm/s. The crystal was placed in a gas chamber and on a
computer controlled translation stage for regulating the atmosphere during the
scanning procedure and for controlling the velocity and the laser beam position on
the crystal, respectively. The irradiation was conducted in a nitrogen atmosphere
to avoid any oxidation of the Cr layer by ambient oxygen from the air [8]. The
laser beam was attenuated and focused to yield a beam with a diameter of ∼6 µm
and an intensity of 4.2−7.1×105 W/cm2. Since the focused laser beam diameter
is wider than the Cr pattern structures, multiple structures were irradiated at
the same time with a spacing of 1 µm as indicated by dashed lines in Fig. 5.1(g).
Finally, the Cr was removed using a ceric ammonium nitrate mixture, which is a
standard Cr etchant (Fig. 5.1(h)).
To reveal the domains, the sample was treated under hydrofluoric acid (HF)
solution [80]. This uses the differential etching rates between the two polar faces
to transfer the domain pattern into a surface relief pattern, which can be imaged
using an scanning electron microscope (SEM).
5.3 Experimental Results and Discussion
The initial Cr pattern and the corresponding domain distribution are shown for
comparison in Fig. 5.2. Fig. 5.2(a) shows an SEM image of the 1D Cr pattern
with a period of 600 nm prior to laser irradiation (corresponds to Fig. 5.1(f)). The
1D Cr line pattern and uncoated LiNbO3 are indicated with arrows in Fig. 5.2(a).
The Cr stripes appear to be straight with little sidewall roughness. The duty cycle
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Figure 5.1: Fabrication steps for the generation of nano-domains: (a) Bare
LiNbO3 crystal; (b) -Z face of the crystal coated with PMMA; (c) EBL writing
procedure; (d) Development of the exposed PMMA; (e) coating of the structure
with 30 nm of Cr; (f) lift-off process to reveal the Cr pattern; (g) Generation
of the surface domains by laser light irradiation; (h) Cr pattern removal by Cr
etchant.
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Figure 5.2: (a) SEM image of a periodic Cr pattern, with a period of 600 nm,
on the -Z surface of a LiNbO3 crystal; (b) SEM image of the HF etched surface
showing the inverted domain stripes after the completion of the laser irradiation
and Cr removal process.
of the Cr pattern is close to 0.6 (duty cycle is defined as Cr or inverted domain
width divided the pattern period). Fig. 5.2(b) shows an SEM image surface,
after irradiation Cr removal and brief HF etching. The HF has etched trenches
in the regions, which were un-coated during irradiation, but has left the regions,
which were coated with Cr un-etched. This indicates that uncoated regions retain
that -Z characteristics while the coated regions have converted to the +Z domain
orientation. The domains have relatively straight sidewalls and a duty cycle that
is also close to 0.6, suggesting that the domain formation process strongly follows
the Cr covered area prior to laser irradiation. However, the domain pattern
was observed to be strongly dependent on the irradiation laser intensity, as at
very low laser intensities resulted in no domain inversion while at very high laser
intensities, the whole crystal surface was uniformly domain inverted. Hence it is
required to choose an optimum laser intensity at which the crystal temperature
is just high enough to render the oxygen ions mobile in the crystal lattice and the
Cr reactive. Therefore, the oxygen ions will selectively out-diffuse only into the
reactive oxygen ‘sink’ regions coated by Cr, so that only these areas are domain
inverted.
A selection of different 2D domain distributions fabricated using this method
are shown in Fig. 5.3 including simple lines and more complex 2D domain lattices
thus demonstrating the flexibility of this domain engineering method. The period
of the domain patterns in Figs. 5.3(a) to 5.3(d) is 600 nm, whereas a shorter
domain period of 300 nm is shown in Figs. 5.3(e) to 5.3(h). The duty cycle of
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Figure 5.3: SEM images of different domain patterns (line, circular, 2D rectan-
gular and 2D hexagonal domain patterns) that were achieved by this domain
engineering technique. Domain patterns with a period of 600 nm are shown in
(a) to (d), whereas the domain patterns with a period of 300 nm are shown in
(e) to (h).
the domain patterns with a period of 600 nm was measured to be close to 0.6,
whereas it was close to 0.8 for the 300 nm period patterns. This increase in the
duty cycle is due to the difficulty of performing EBL on the surface of LiNbO3
and patterning the chromium, it is not a limitation of the inversion mechanism.
It also can be seen that the corners of the rectangular domains are not very
distinct in Fig. 5.3(g). This is most obvious for the corners on the left side of
the rectangular domains, which is most probably the consequence of sideways
differential etching and the underlying threefold crystalline symmetry [112]. It is
thought that the initial domain is faithful to the Cr pattern, but after etching,
it will eventually turn into a triangular shape due to differential etching between
the three Y directions [113]. The etched domain pattern in the right top corner of
Fig. 5.3(f) is not very pronounced, which could be caused by a faulty Cr pattern
prior to laser irradiation.
In the following section the limitations of this domain engineering technique
are investigated. The smallest domain period that was generated is 100 nm as
presented in Fig. 5.4, which shows a 2D dot domain pattern. It can be seen that
the domain size varies. As with the duty cycle in Fig. 5.3, it is thought that the
challenging EBL process on LiNbO3 is most likely the causes of the difference in
69
Chapter 5
200 nmy
x
Figure 5.4: SEM image of 2D domain inverted structure with a period of 100 nm.
It can be observed that not all the domains are formed and that the sizes of the
inverted domains are varying.
domain size rather than the diffusion based domain inversion process driven by
laser light irradiation. The shape of the features exposed by HF etching of the
domains is predominantly triangular. As mentioned above it is thought that the
un-etched domain is loyal to the Cr pattern, but differential etching of the crystal
facets will eventually result in a triangular shape. This effect is exaggerated for
such small domains because the etch range is comparable to the size of the domain
features and therefore the sideways differential etching is more pronounced.
The domain depth is investigated in the following. To analyse the depth of the
obtained nano-domains, a line domain pattern with a period of 300 nm was wedge
polished at an angle of ∼6◦, with respect to the surface [84]. Wedge polishing
increases the depth resolution by stretching the depth profile by a factor of ∼10.
Fig. 5.5 shows an SEM image of the wedge polished edge after HF etching. From
the SEM image it seems like the domains are in the order of 25 to 30 nm deep,
however further investigations are necessary to be conclusive on this. 25 to 30 nm
is quite shallow, but this is perhaps not surprising since the domain inversion
process is diffusion based and chromium is only very briefly heated via laser
irradiation. It may be possible to deepen the domains using longer irradiation
duration; however, this would likely come at the expense of increased minimum
feature size.
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Figure 5.5: SEM image of wedge polished domain pattern (period 300 nm) indi-
cating that the domains are approximately 25 to 30 nm deep.
5.4 Summary and Conclusions
In conclusion, a surface domain engineering technique was introduced, in which
a predefined Cr surface pattern is irradiated with focused visible (λ = 532 nm)
laser light. The laser light is only absorbed at the Cr coated areas, whereas at the
uncoated areas no absorption takes place. Therefore, only the Cr coated areas are
heated, driving a diffusion process that causes domain inversion only in the areas
coated by Cr. This technique has been used for domain engineering of features
down to 100 nm. The achievable resolution appears limited by the EBL process
on the LiNbO3 crystal surface rather than the physical process leading to domain
inversion. The depths of the achieved domains are quite shallow - on the order
of 25-30 nm. In spite of the limited depth of the resultant nano-domains, this
domain engineering technique could possibly be used for bulk domain engineering
by simultaneously applying an electric field during the laser radiation, where the
laser irradiation is used for domain nucleation at the surface and the electric field
to grow the domains in depth or alternatively by using the surface domains as a
template for domain formation when applying multiple electric field poling steps
[9]. Another direct application could be the generation of surface acoustic waves
(SAWs) in the GHz regime since the interaction depth of a SAW is in the order
of a wavelength [5, 11, 114, 115]. Finally, the nano structured LiNbO3 surfaces
that are achieved after etching of the nano-domains can be used for fabricating
GHz phononic crystals [114] and for photonic or plasmonic applications [116].
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5.5 Assessment in the context of the overarch-
ing thesis
Table 5.1 highlights the potential of the domain engineering technique of pat-
terned Cr and focused, visible (λ = 532 nm) laser light irradiation, which was
presented in this chapter. The shortest domain period, which was achieved with
this poling technique, was 100 nm as presented in Fig. 5.4, which shows that
sub-micron domain periods were achieved. The depth of the domains was in the
order of 25-30 nm as it can be seen in Fig. 5.5, which is too shallow for most
photonic and phononic application. No surface damage or darkening of colour
was observed with this domain engineering method.
Table 5.1: Checklist of advantages and limitations of the patterned Cr and focused
visible (λ = 532 nm) laser light irradiation domain engineering technique.
Goals Possible
Short domain periods (few µm) YES
Sub-micron domains YES
Sufficient domain depth NO
No surface damage YES
No darkening in colour of inverted domains YES
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Device application - SAW
transducer
At the end of Chapter 1, the objectives of this thesis were identified as explor-
ing novel techniques for domain engineering lithium niobate in order to achieve
nonlinear photonic and also phononic functionality. The ultimate goal was to
achieve nano-scale domains that were sufficiently deep, with low optical loss to
achieve mirrorless OPO functionality. Chapter 3 showed how laser irradiation
of a chromium film could achieve surface domains with minimal surface damage,
and Chapter 4 showed how these could be extended through the thickness of the
crystal yielding sufficiently deep domains to achieve nonlinear optic functionality.
Chapter 5 showed how these surface domains could be shrunk to 100 nm scale
by patterning the chromium prior to irradiation. These surface domains are very
shallow and are caused by reduction of the lithium niobate which is accompanied
by optical darkening — hence these structures are not suitable for nonlinear op-
tical functionality. It would be possible to explore whether these patterns could
be extended through the crystal using techniques similar to those introduced in
Chapter 4. This would be worth pursuing, but it is anticipated that a significant
number of technical challenges would be encountered. However, the structures
realised in Chapter 5, would be suitable for surface acoustic wave functionality.
Hence, this chapter demonstrates the use of these structures for phononics, en-
abling assessment of the practicality of these new techniques. The core of this
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6.1 Introduction
The ability to integrate surface acoustic waves (SAWs) into microdevices have
opened a new frontier in a wide range of fields, from electronics [117], optical
communications [118], and biosensors [119–121] to acoustic microscopy [122] and
gyroscopics [123]. Recently, the use of SAW for manipulation of fluids and biopar-
ticles at small scales has been demonstrated for point-of-care diagnostics, high
throughput drug screening and drug delivery, all of which have received significant
interest [101]. Typically, transducers based on interdigital electrodes deposited
on a single crystal of piezoelectric material such as LiNbO3 [124] have been used
to generate and detect the SAW, particularly for applications in microfluidics
[101]. A significant drawback in current approaches is the absence of accurate
control of the SAW propagation and behaviour; far more care is necessary in
forming structures that can generate, detect, and manipulate the SAW. To do
so, structures including acoustic waveguides [125] and metal gratings [117] have
been employed in telecommunications and optical applications to enable lateral
confinement [126] and wavelength selection of SAW and acoustic mirrors [117].
While metal gratings, including interdigital transducers, have found broad ac-
ceptance, high fabrication resolution in the metal film’s structure is required,
particularly in the finger electrode structure, which can be difficult to fabricate,
and subject to substantial damage when used for high power applications [127].
Further, the metal can significantly disturb the acoustic waves’ generation, form
parasitic modes and overtone resonances, and suppress their departure from the
electrode structure on the surface, all critical to the device’s application.
An alternate means of generating and detecting the SAWs is through the use
of a piezoelectric acoustic superlattice (ASL) [6, 128]. An ASL is an engineered
structure that is similar to periodically poled LiNbO3 in nonlinear optics [49];
however, instead using the periodic change in the sign of the second-order optical
nonlinearity, the alternating change in the sign of the piezoelectric constant is
used. Uniform fields can then be applied using coplanar electrodes on either
side of the ASL, resulting in a periodic displacement of the surface and hence
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the generation of the SAW [6, 128]. In previous work [5], it was shown that
an ASL can induce a SAW bandgap similar to phononic structures physically
patterned on the substrate surface [129, 130], but absent the structure required in
traditional phononic devices that may interfere with the SAW and its application.
Piezoelectric ASLs have since been used to achieve a monolithic, integrated SAW
in addition to bulk acoustic wave devices [128, 131], acousto-optic filters [132, 133],
delay lines [128, 134], and phonon-polariton crystals[135–137].
To date, the ASL structures have used ad-hoc electric field poling on a single
crystal of Z-cut LiNbO3 [49]. While these show considerable potential, there is
an inherent limitation of this crystal cut in that it is difficult to generate surface
waves without also generating bulk waves. For applications where concentrated
SAW energy is required, for example in microfluidic actuation [101], the substrate
of choice is 128°YX-cut LiNbO3, as it possesses an optimal coupling constant and
also suppresses parasitic bulk waves [138]. However, it is not possible to create
an ASL on 128°YX-cut LiNbO3 using ad-hoc electric field poling, as the polar
axis is not aligned to a vertical axis of the wafer.
This section presents that the domain engineering technique introduced in
Chapter 3 (Cr coating combined with UV laser irradiation) is used for the pat-
terning of piezoelectric ASL structures on 128°YX-cut LiNbO3 and employed it
as a SAW transducer. Prior to fabrication a finite element simulation was car-
ried out to predict the SAW generation as a function of the depth of the ASL
structure. The functionality of this device was then validated through a brief
demonstration of microfluidic actuation.
6.2 Impact of domain depth on the generation
of the SAW
To demonstrate the capabilities of the domain engineering technique introduced
in Chapter 3, this technique was used to fabricate a piezoelectric acoustic su-
perlattice (ASL) structure in 128°YX-cut LiNbO3 for an application as a SAW
transducer. In Chapter 3 it was found that the depth of the domains is finite and
around several microns deep. Thus, before fabricating the ASL, the impact of the
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domain depth on the generation of the SAW was first investigated using a finite
element simulation. Fig. 6.1 illustrates the actual three-dimensional structure
of the ASL SAW transducer [6]. The simplified two-dimensional model consid-
ered consisted of the cross-section along the red dashed line shown in Fig. 6.1(b),
with a domain depth δ and period Λ, surrounded by perfectly matched layers
(PML) at the boundaries of the numerical domain. The simplified model there-
fore only considers the influence of the vertical component of the electric field
on the generation of the SAW. The depth of the domain was normalised using
a dimensionless parameter τ = δ/Λ. Fig. 6.1(c) shows the calculated spectral
response of the transducer at τ = 0.3 from which a resonance peak at frequency
fSAW = vSAW/Λ was observed where vSAW is the SAW velocity, indicating the
expected SAW generation. This was also confirmed by the corresponding dis-
placement profile shown in Fig. 6.1(d), calculated at fSAW. Fig. 6.1(e) presents
the calculated full SAW displacement profile of the transducer at τ = 0.3, ob-
tained from the three-dimensional finite element simulation [6] by considering all
components of the electric field. This result shows that the energy is confined
between the electrodes, in contrast to the previous ASL transducers realised on
Z-cut crystal substrates along which the acoustic wave leaks beneath the metal
electrodes [6, 139] unless confined by an acoustic waveguide formed by mass load-
ing [131].
Having shown that SAW generation is possible even with domains that are
relatively shallow (τ = 0.3), it was then examined the optimum domain depth by
employing the two-dimensional simulation above. The frequency was fixed at the
resonance (fSAW), and the normalised depth τ was varied from 0 (unpoled sub-
strate) to a large value (τ = 3 in this study). For each value of τ , the transmission
T was then calculated from the ratio of the outgoing SAW displacement σ out
to the maximum displacement σmax. Fig. 6.2(a) shows the results obtained from
the numerical simulation. A maximum in the SAW transmission was obtained
at around τ = 0.3, implying that a freely propagating SAW should be generated
by an ASL with this depth. The SAW displacement distribution for the ASL
transducer with τ = 0.3 is presented in Fig. 6.2(b), clearly showing the propagat-
ing nature of the SAW. However, when τ  0.3, the transmission is observed to
decrease despite the generation of the SAW, suggesting that the SAW is mostly
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Figure 6.1: (a) Schematic of the ASL-based SAW transducer consisting of two
coplanar electrodes acting as bus bars and the ASL structure with shallow do-
main depth obtained through UV direct writing. (b) Cut-out illustrating the
two-dimensional model structure used in the simulation carried out along the red
dashed-line shown in (a). PML refers to the perfectly matched layer applied at
the domain boundaries in the simulation to match the experimental situation in
which unwanted reflection is absorbed at the boundaries. (c) Calculated SAW
spectral response of the transducer for a domain depth τ = 0.3. vSAW = 3980 m/s
is the SAW velocity on 128°YX-cut LiNbO3. (d) Corresponding SAW displace-
ment profile calculated at frequency fSAW, verifying the generation of the SAW.
(e) Calculated full displacement profile of the SAW generated on a finite depth
128°YX piezoelectric superlattice transducer. The SAW field is mostly confined
within the gap region. In the calculation, the electrode gap was taken to be Λ
and the electrode width is 1.5Λ.
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Figure 6.2: (a) Calculated outgoing surface acoustic energy T as a function of
the domain depth δ represented by the normalised parameter τ , which was varied
from τ = 0 (un-written) to 3 (deeply written). The frequency was fixed at fSAW
in the simulation. (b) SAW displacement profile calculated at the maximum
transmission τ = 0.3, showing a freely propagating SAW. (c) Calculated SAW
displacement profile for the case of a deeply written domain τ = 3, showing the
localisation of the SAW.
localised within the lattice. The SAW displacement profile calculated at τ = 3
and presented in Fig. 6.2(c), on the other hand, clearly indicates the stationary,
bound nature of the generated SAW. This result, in fact, is in good agreement
with our previous studies on Z-cut ASL structures [5] where the localisation is
due to the presence of a SAW band gap that induces SAW reflection, which ap-
pears to be stronger when the domain depth is larger than the lattice period. As
expected, when the domain depth is insufficient (τ < 0.1), it is predicted that no
SAW generation should be observed.
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6.3 Fabrication of ASL on 128°YX LiNbO3 and
application of the SAW device for microflu-
idic manipulation
Based on the above modeling results, two ASL structures with Λ = 15.5 µm
and 21 µm were fabricated using the domain engineering technique introduced
in Chapter 3 with a laser intensity of 3.4× 105 W/cm2 on a 128°YX-cut crystal
substrate. The measured domain depth was around 3.4 µm, about 22% and 16%
of Λ = 15.5 µm and 21 µm, respectively; thus it should be sufficiently large to
generate SAWs, as suggested by the simulations in Fig. 6.2(a). Based on these
values of Λ for the periods and assuming an acoustic velocity of 3980 m/s, the
expected resonance frequencies fSAW of the generated SAWs are 256.7 MHz and
189.6 MHz, respectively, and the structures consequently comprise 1000 periods.
A pair of 150-nm thick coplanar aluminum electrodes, 80 µm in width with a
20 µm gap between them, were deposited on top of each structured substrate as
shown in Fig. 6.3(a). The spectral response of the fabricated device was analysed
by measuring the displacement σ using a Laser Doppler Vibrometer (LDV) as a
function of the frequency of the RF signal applied to the electrodes. Fig. 6.3(b)
and 6.3(c) show the measured acoustic displacement as a function of the applied
RF frequency for ASL transducers with periods Λ = 15.5 µm and 21 µm, respec-
tively. Strong resonances are observed around 256.8 MHz and 189.7 MHz, which
are close to the expected values, and therefore verify the generation of the SAW.
To demonstrate that these generated ASL structure for transducers can pro-
duce sufficient SAW amplitudes to perform useful work, a proof-of-concept mi-
crofluidic experiment was conducted to show the possibility of acoustically ma-
nipulating a particle suspension within a sessile droplet, similar to what has been
done using IDT-based SAW devices on 128°YX-cut LiNbO3[34] for comparison.
Briefly, a 3 µl droplet in which 4.5 µm fluorescent polystyrene microparticles were
suspended was centred on the Λ = 15.5 µm transducer, as shown in Fig. 6.4(a).
The transducer was driven by applying an RF signal at its resonance frequency
fSAW = 256.8 MHz and at a power of 3 W, generating SAW with a displacement
σ = 0.1 nm as measured with the LDV, corresponding to a vibration velocity of
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Figure 6.3: (a) Micrograph of the fabricated 128°YX-cut ASL transducer fabri-
cated with UV direct written domains with I = 3.4× 105 W/cm2 with the width
and the gap of the aluminium electrodes being 80 µm and 20 µm, respectively.
(b,c) Measured spectral responses of the transducer for periods Λ = 15.5 µm
and 21 µm, respectively. The insets in (b,c) show the SEM images of the ASL
structures with different periods Λ. The scale bar in (a) is 20 µm.
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0.16 m/s. The particles inside the droplet were imaged as shown in Fig. 6.4(b)
and 6.4(c), respectively, before and 30 seconds after commencing the electrical
drive of the transducer. Fig. 6.4(c) shows a vortex flow pattern arising from
acoustic (Eckart) streaming in the drop induced by the SAW that is typical of
standard IDTs [140]. It can be noted from the figure that the flow pattern starts
from the center of the droplet corresponding to the aperture of the SAW field in
the gap region, as previously shown in the simulation (Fig. 6.1(e)). As such, it
is not difficult to surmise that the ASL structure fabricated in the present work
is capable of generating SAWs that can interact with fluids and can be used to
effect the entire range of SAW microfluidic processes (e.g., drop actuation and mi-
crocentrifugation) driven by acoustic streaming that have thus far been reported
and which have received considerable attention to date [101]. The ASL structure
nevertheless retains a significant advantage of IDT structures in that it enables
direct interaction between the fluid and the SAW at the point of generation with-
out interference from the electrodes and that it enables far higher acoustic powers
to be used beyond that possible with IDT structures.
6.4 Summary and Conclusions
In summary, the domain engineering method from Chapter 3 was applied to
fabricate practical piezoelectric acoustic superlattice structures on 128°YX-cut
LiNbO3, which is the most widely used crystals cut for SAW applications. Sim-
ulations and experimental validation were conducted, which show that the ASL
structure can be exploited as an effective transducer and that the generated SAW
field is freely propagating and mostly confined within the gap region, which is
in contrast to previously demonstrated Z-cut ASL transducers [6, 139]. Subse-
quently the possibility of using the fabricated transducer for driving flow and
suspended microparticles within a fluid droplet was shown, demonstrating the
platform can be exploited for practical microfluidic manipulation. The proven
simplicity, flexibility and effectiveness of this technique therefore make it attrac-
tive for rapidly producing complex acousto-microfluidic devices.
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Figure 6.4: (a) Schematic of the experimental setup in which the SAW gen-
erated using the 128°YX-cut ASL transducer is transmitted into a sessile fluid
drop placed on the transducer surface. (b) Image showing the distribution of
polystyrene microparticles suspended in the drop in the absence of SAW. (c) Im-
age showing the distribution of polystyrene microparticles suspended in the drop
30 seconds after the ASL was driven, showing the possibility for driving SAW-
driven acoustic streaming, known as Eckart flow, that is typical of the behaviour
observed when the droplet is excited with the SAW generated from conventional
IDTs. In (b) and (c), the dashed-lines indicate the outer edges of the coplanar
electrodes.
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Chapter 7
Conclusions and Future Work
7.1 Introduction
The aim of this thesis was to investigate new laser light induced domain engi-
neering techniques in LiNbO3; this was done in order to find their limitations for
generating short poling periods, ideally sub-micron domains. In this work four
different laser light induced poling techniques were introduced and the physical
mechanism behind the formation of the domains was determined. The generated
domain patterns were used for nonlinear optical processes (SHG) and SAW exci-
tation, highlighting their quality and usefulness. Thus, the objectives laid out at
the start of the thesis have been achieved — the next section presents a summary
of each of these achievements.
7.2 Outcome of this work
In Chapter 2 the tailoring of domains in LiNbO3 was introduced. This employs
the ability to write and erase domains by scanning focused UV laser light across
the surface of the non-polar faces of LiNbO3. It was shown that it is possible
to, firstly, write a domain of a particular width, and then, subsequently, erase
it partially. It is confirmed that domains with a width down to ∼2 µm, which
is ∼30% of the focused laser beam diameter, can be obtained by this domain
engineering approach. The depth of the UV-written domains is in the order of
83
Chapter 7
microns, which would enable applications in integrated non-linear optics. Bal-
ancing these advantages is the occurrence of thermal damage introduced on the
surface.
In Chapter 3 the generation of domains by using Cr coated LiNbO3 crystals in
combination with focused UV laser irradiation was introduced. It was shown that
localised UV irradiation of a LiNbO3 crystal coated with a thin film of Cr, results
in a localised domain inversion of the crystal. Evidence has been presented which
suggests that the reactive metal coating (Cr) on the surface oxidises at elevated
temperatures and acts as an oxygen sink, drawing oxygen out of the crystal and
reducing the crystal in the region beneath it. It was also shown that this domain
inversion mechanism induces less thermal damage at the surface, compared to the
standard UV domain writing process on uncoated LiNbO3 crystals. Additionally,
it was found that this domain inversion mechanism works also at higher UV laser
light intensities (2.44× 105 W/cm2), if the UV writing is performed in a nitrogen
atmosphere or when thicker Cr coatings are used. Finally, a proof of principle
was presented for the technologically interesting non-polar crystal cuts, namely
Y-cut and 128°YX-cut LiNbO3 for potential SAW applications.
Chapter 4, a method for the production of bulk domains based on the UV
laser pre-irradiation of the +Z surface of MgO doped congruent LiNbO3 crystals,
followed by a sequence of EFP steps, was presented. This method does not re-
quire simultaneous irradiation and application of an electric field, thus enabling
the fabrication of fine periodic domain structures with periods as short as 3 µm.
A model is proposed suggesting that the bulk domains are generated because the
PI surface domains, which are produced in the first poling step, act as electrical
insulating barriers in subsequent poling steps. It was also determined that the
uniformity in depth and parallelism of the bulk domains improved after a second
full poling cycle. Although the top domain wall of the bulk domains might be
pinned at defect sites, which may be influenced by elevated crystal temperatures,
it was found that the bulk domains are stable at elevated temperatures while the
overall good quality of the bulk domain distribution was verified by SHG exper-
iments.
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In Chapter 5, a surface domain engineering technique was introduced, in which
a predefined Cr surface pattern is irradiated with focused visible (λ = 532 nm)
laser light, rather than the UV (λ = 244 nm) used in previous chapters. The laser
light is only absorbed at the Cr coated areas, whereas at the uncoated areas no
absorption takes place. Therefore, only the Cr coated areas are heated, driving
a diffusion process that causes domain inversion only in the areas coated by Cr.
This technique has been used for domain engineering of features down to 100 nm.
The achievable resolution appears limited by the EBL process on the LiNbO3
crystal surface rather than the physical process leading to domain inversion. The
depths of the domains achieved in this paper are quite shallow — on the order of
25-30 nm.
In Chapter 6, the domain engineering method from Chapter 3 was applied
to fabricate practical piezoelectric acoustic superlattice structures on 128°YX-
cut LiNbO3, which is the most widely used crystal cut for SAW applications.
Simulations and experimental validation were conducted, which show that the
ASL structure can be exploited as an effective transducer, and that the gener-
ated SAW field is freely propagating and mostly confined within the gap region,
which is in contrast to previously demonstrated Z-cut ASL transducers [6, 139].
Subsequently, the possibility of using the fabricated transducers for driving flow
and suspended microparticles within a fluid droplet was shown, demonstrating
that the platform can be exploited for practical microfluidic manipulation. The
proven simplicity, flexibility and effectiveness of this technique makes it attractive
for rapidly producing complex acousto-microfluidic devices.
7.3 Suggestion for future work
In this thesis, four different laser light induced poling techniques in LiNbO3 were
introduced and the physical mechanism behind the formation of domains was
determined. Applications showed that the generated domain patterns were use-
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ful for photonic and phononic devices. To assess the potential of the poling
techniques and devices some suggestions for future investigations are outlined as
follows.
Investigate domain inversion of Cr coated LiNbO3 crystals
Chapter 3 showed that Cr coating of LiNbO3 crystals prior to focused UV laser
light irradiation can reduce the surface damage. Evidence has been presented
which suggests that the reactive metal coating (Cr) on the surface oxidises at
elevated temperatures and acts as an oxygen sink, drawing oxygen out of the
crystal and reducing the crystal in the region beneath it. While a convincing
demonstration of this technique has been presented (Chapter 3 and 6) and signif-
icant insight into this phenomenon has been gained, further investigation must be
conducted in order to conclusively determine the physical phenomena that cause
this behaviour. Techniques such us X-ray photoelectron spectroscopy (XPS) or
secondary ion mass spectrometry (SIMS) could be used to analyse the laser irradi-
ated surface for different irradiation intensities to map, which diffusion processes
in detail cause the domain inversion.
Improve PI on MgCLN poling technique
In Chapter 4 bulk domains were generated in MgO-doped LiNbO3, which are
pre-defined by a spatial modulation of the lithium (Li) concentration induced by
strongly absorbed UV laser light irradiation. The bulk domain distribution is
subsequently produced by an even number of EFP steps. Periods with lengths as
short as 3 µm were achieved, although good uniformity of the periodic domain
structure over large areas was found to be difficult to achieve. A smoother and
slower domain wall motion could be beneficial for reaching a better poling uni-
formity over large areas for small domain periods; this could be investigated by
using higher crystal temperatures during EFP [107] or by conditioning the crystal
by subjecting it to repetitive poling cycles prior to UV irradiation and the final
poling steps [74, 106] .
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New Types of Devices
Chapter 5 demonstrated a sub-micron surface domain poling technique by pat-
terning Cr and irradiating it with visible laser light (Λ = 532 nm). The laser
light is only absorbed at the Cr coated areas, whereas at the uncoated areas no
absorption takes place; therefore, only the Cr coated areas are heated, driving
a diffusion process that causes domain inversion only in the areas coated by Cr.
This technique has been used for domain engineering of features down to 100 nm.
The depths of the domains achieved are quite shallow — on the order of 25-30 nm.
A direct application could be the generation of surface acoustic waves (SAWs) in
the GHz regime since the interaction depth of a SAW is in the order of a wave-
length [5, 11, 114, 115]. Alternatively, the nano structured LiNbO3 surfaces that
are achieved after etching of the nano-domains can be used for fabricating GHz
phononic crystals [114] and for photonic or plasmonic applications [116].
Deep sub-micron domains
The sub-micron surface domain poling technique by patterning Cr and irradiating
it with visible laser light (Λ = 532 nm) presented in Chapter 5 had the drawback
of achieve relatively shallow surface domains. In spite of the limited depth of the
resultant nano-domains, this domain engineering technique could possibly be used
for bulk domain engineering by simultaneously applying an electric field during
the laser radiation, where the laser irradiation is used for domain nucleation at
the surface and the electric field to grow the domains in depth. Alternatively,
one could also achieve bulk domains by using the surface domains as a template
for domain formation when applying multiple electric field poling steps (Chapter
4) [9].
7.4 Conclusion
In conclusion, new laser light induced domain engineering techniques in LiNbO3
were investigated in order to overcome the shortest poling period limitations of the
standard electric field poling techniques. Four different laser light induced poling
87
Chapter 7
techniques were introduced and investigated. With the PI on MgCLN poling
technique, bulk poling periods as short as 3 µm were achieved. The patterned Cr
and visible laser light irradiation techniques allowed for surface domain periods
as short as 100 nm, thereby allowing a high control and flexibility of the domain
engineering patterns. It was suggested that the combination of the two techniques
could pave the way for the generation of sub-micron bulk domain periods in
LiNbO3 and, therefore, enabling nonlinear optical devices such as a mirrorless
optical parametric oscillator (MOPO) [50] or permit the generation of quantum
states that possess discrete-frequency entanglement in quantum optics [51]. Such
short domain scales would also allow for the generation and manipulation of SAW
with frequencies in the GHz regime [5, 6], which is attractive due to the use of
SAW filters for communication application such as ‘bluetooth’ (∼2.5 GHz) [3, 4]
or for phononic quantum applications [52–54]. Sub-micron poling has the ability
to further many fields from phononics to communications and quantum optics.
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